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MANUFACTURING
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Polymer Electrolyte Membrane Fuel Cell (PEMFC) systems are promising technology for
contributing to meet the deficiency of world`s clean and sustainable energy requirements in
the near future. Metallic bipolar plate (BPP) as one of the most significant components of
PEMFC device accounts for the largest part of the fuel cell`s stack. Corrosion for metallic
bipolar plates is a critical issue, which influences the performance and durability of PEMFC.
Corrosion

causes

adverse

impacts

on

the

PEMFC`s

performance

jeopardizing

commercialization. This research is aimed at determining the corrosion resistance of metallic
BPPs, particularly stainless steels, used in PEMFC from different aspects. Material selection,
coating selection, manufacturing process development and cost considerations need to be
addressed in terms of the corrosion behavior to justify the use of stainless steels as a BPP
material in PEMFC and to make them commercially feasible in industrial applications. In this
study, Ti, Ni, SS304, SS316L, and SS 430 blanks, and BPPs comprised of SS304 and
SS316L were examined in terms of the corrosion behavior. SS316L plates were coated to
investigate the effect of coatings on the corrosion resistance performance. Stamping and
hydroforming as manufacturing processes, and three different coatings (TiN, CrN, ZrN)
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applied via the Physical Vapor Deposition (PVD) method in three different thicknesses were
selected to observe the effects of manufacturing processes, coating types and coating
thicknesses on the corrosion resistance of BPP, respectively. Uncoated-coated blank and
formed BPP were subjected to two different corrosion tests: potentiostatic and
potentiodynamic. Some of the substantial results: 1- Manufacturing processes have an
adverse impact on the corrosion resistance. 2- Hydroformed plates have slightly higher
corrosion resistance than stamped samples. 3- BPPs with higher channel size showed better
corrosion resistance. 4- Since none of the uncoated samples meet the 2015 target of the U.S.
Department of Energy, surface coating is required. 5- ZrN and CrN coated BPPs exhibited
higher corrosion resistance meeting DOE target while TiN coated samples had the lowest
corrosion resistance. Higher coating thicknesses improved the corrosion resistance of the
BPPs. 6- Process sequence between coating and manufacturing is not significant for
hydroforming case (ZrN and CrN) and stamping case (CrN) in terms of the corrosion
resistance. In other words, coating the BPP`s substrate material before manufacturing process
does not always decrease the corrosion resistance of the BPPs.
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CHAPTER 1

Introduction
1.1. Motivation and Background Information:
Worldwide, energy is a major concern due to inadequate natural resources, increasing
population and rising consumption. Conventional energy sources such as coal and oil cause
harm to the environment and public health due to hazardous emissions like carbon dioxide
(CO2). Since it has been predicted that reserves of such resources will run out in the future,
scientists are working on alternative energy sources. These sources should provide
sustainable, clean and renewable energy generation to contribute to meeting the energy
shortage. In particular, fuel cell technology is regarded as a promising energy-conversion
technology for clean, distributed, renewable and efficient power generation. Fuel cell that use
hydrogen as a fuel is one of the key technologies in clean energy industry. Their use is
expected to increase due to the benefits of zero-emissions, and reduction of greenhouse gas
emissions. PEMFCs (Polymer Electrolyte Membrane, also known as Proton Exchange
Membrane Fuel Cells) are accepted as an alternative energy generating devices for near
future applications (in vehicles) since they have significant advantages over known energy
devices such as internal combustion engines. PEMFC systems generate electricity, water and
heat due to electrochemical reaction of hydrogen and oxygen gases [1]. The most important
benefits of this technology are their environmentally friendly and high-energy efficiency
features.
It is expected that vehicles with fuel cell technology, will provide more than 50%
energy efficiency. Several institutes and companies, such as Toyota Motors, already confirm
that fuel cell technology offers a higher efficiency than internal combustion vehicles [2].
Their report shows that FCVH-4 running on hydrogen vehicle has 48% tank-to-wheel
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efficiency whereas a conventional gasoline vehicle shows 16% tank-to-wheel efficiency. It
means that fuel cell vehicles are three times more efficient [2]. Moreover, another
decleration by GM indicated that fuel cell prototypes have twice the efficiency compared to
conventional vehicles. This efficiency could lower excessive greenhouse gas emissions up to
50% in the future [2].
PEMFCs are an excellent choice for automobiles due to their easy start-up at low
temperatures [3-5]. Global car manufacturers such as General Motors, Mercedes-Benz,
Chrysler, BMW, Ford, Nissan, Toyota, Hyundai, Mazda, Volkswagen and Honda are
working to develop fuel cell cars [6]. The FCX Clarity was the first commercial fuel cell car
(Honda). That was marketed in the United States in 2008 [7]. Currently, there is no massproduced fuel cell car. This is due to the some disadvantages and/or challenges of PEMFCs
that prevents commercialization. Barriers such as high cost and durability must be overcome
for its widespread use [8].
As a promising technology in portable power generation, fuel cells, need to be
functioning reliably and cost efficiently. The main components of PEMFC stacks, which is
shown in Figure 1.1 [9], are membrane, the bipolar plate (BPP), and the catalyst layer
(electrodes). BPP, particularly, presents high weight (60-80%), volume and cost (30-40%)
among those components. BPP organizes the flow of hydrogen and air to the particular
electrodes, drain generated water, conduct electronic current and give mechanical strength for
the stack [3].
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Figure 1.1: PEM fuel cell stack and components [9]
Graphite bipolar plates have been commonly chosen as fuel cell stacks due to their
better corrosion behavior and low contact resistance. Nevertheless, they have relatively high
material forming cost and brittleness problems as disadvantages [10]. In order to overcome
these disadvantages, metallic BPPs have been investigated due to high electrical conductivity,
favorable mechanical characteristics, excellent gas impermeability, and easy formability.
Various stainless steels have been studied extensively since thin plates help lower the weight
of the stack and cost of production [11-15]. Due to corrosive conditions, metallic BPP
contribute to reduced PEMFC performance. Corrosion results in decreased conductivity by
increased interfacial contact resistance and pollution of the membrane in the acidic
environment of full cell [16]. Therefore, the stability of BPP is important on PEMFC
performance so that three main requirements (high corrosion resistance, low contact
resistance, and low cost illustrated in Figure 1.2) need to be addressed in order to improve the
efficiency and durability of PEMFC systems [13]. There are several manufacturing processes
that are projected to produce the metallic bipolar plates such as stamping, hydroforming,
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machining, and powder metal forging. Hydroforming and stamping are regarded as more
convenient techniques for mass production conditions.

Figure 1.2: Influencial Factors on Fuel Cell Performance
This research is aimed at determining the corrosion resistance of metallic bipolar
plates, particularly stainless steels from different aspects. The following issues need to be
addressed in terms of the corrosion behavior to justify and use stainless steels as a bipolar
plate material in PEMFC and to make them commercially feasible in industrial applications:
1.

Material selection,

2.

Coating selection,

3.

Manufacturing process development,

4.

Cost considerations

In summary, PEMFC systems are promising technology to meet the deficiency of
world`s clean and sustainable energy requirements in the near future. Metallic bipolar plate as
one of the most significant components of PEMFC device account for constituting the largest
part of the fuel cell`s stack. Corrosion, on the other hand, for metallic bipolar plates is critical
issue, which influences the performance and durability of PEMFC systems. Eventually, it
causes adverse impact on the PEMFC systems in terms of potential commercialization.
Although researchers have investigated corrosion of uncoated and coated metallic
bipolar plates in PEMFC, most of them have used bulk or unformed sheet material samples in
their corrosion studies [17-21]. However, there is insufficent information concerning formed
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bipolar plates in the literature. For this reason, the effects of manufacturing processes
(stamping and hydroforming) on the corrosion resistance behavior of uncoated and coated
metallic bipolar plates for PEMFC are selected as the main focus subjects of this Ph.D
dissertation research. Two different die feature sizes were examined in this research in terms
of the effects on the corrosion behavior as well.

1.2.

Objectives:
The purpose of this research is to determine the corrosion resistance of metallic

bipolar plates to be used in PEMFC and to make them more competitive in industrial
applications from different aspects. These aspects will be material, coating type, and coating
thickness selections, manufacturing process, and coating-manufacturing process sequence
development.
Specific objectives are to understand:
1: Effect of manufacturing processes on the corrosion behavior of uncoated metallic
BPPs.
2: Effect of substrate materials on the corrosion behavior of uncoated metallic BPPs.
3: Effect of coating materials and coating thicknesses on the corrosion behavior of
metallic BPPs.
4: Effect of manufacturing process sequence (coating before or after manufacturing)
on the corrosion behavior of coated metallic BPPs.
1.2.1. Scope of the proposed study
The T-chart given in Figure 1.3 presents the scope and the main focus of the research
under investigation. After a broad literature survey and understanding of overall energy
issues, alternative and renewable energy generation methods, and fuel cell technology, this
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study mainly focuses on addressing one of the important problems in PEMFCs, namely
corrosion of bipolar plates as a barrier for durable and high performing fuel cell stacks.

DEPTH

BREADTH

Figure 1.3: T chart of the research topic
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1.2.2. Research Approach:
In order to achieve the specified objectives mentioned in the previous section, several
investigation phases have been composed. Accordingly, manufacturing processes, stampinghydroforming, manufacturing method factors, force-speed/pressure-rate, the geometry of
forming dies, diverse substrate and coating materials, and coating thicknesses for metallic
bipolar plates will be treated in terms of their effect on corrosion resistance in detail. In
addition, the effect of manufacturing sequence on the corrosion behavior of coated metallic
BPP will be investigated. Two different hydrogen and oxygen gases will be used in the
corrosion tests in order to simulate real PEMFC conditions and attain more reliable results.
The research approach and phases have been followed in this study is given below.

Phase 1: Literature Survey:
•

Review articles, reports, and patents on fuel cells, PEMFC, bipolar plates,
metallic BPPs, coatings, corrosion, corrosion tests,

•

Write a state-of-the-art review report

•

Determine suitable candidates of
•

manufacturing processes, conditions,

•

substrate materials, thicknesses,

•

coating types, thicknesses, companies.

Phase 2: Preliminary Experiments with Die 1:
Task 1: Design and construct stamping and hydroforming dies (die 1)/tools;
Task 2: Perform preliminary experiments to establish repeatability of manufacturing
experiments,
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Task 3: Conduct corrosion tests, analyze the results with uncoated plates to
determine optimum substrate material, and manufacturing conditions for BPP.

Phase 3: Manufacturing Tests for Coated and Uncoated Plates with Die1/Die2:
Task 4: Design new die sets (die 2) with modified size and shape, etc., to investigate
the size effect.
Task 5: Order coated plates,
Task 6: Conduct manufacturing tests with uncoated plates by die 2.
Task 7: Stamping and hydroforming experiments for coated plates by die 1/die 2
Task 7.1: Coated after manufacturing
Task 7.2: Coated before manufacturing

Phase 4: Corrosion Tests:
Task 8: Perform Potentiodynamic and Potentiostatic Corrosion Tests
Task 8.1: For uncoated samples
Task 8.2: For coated samples
Task 8.2.1: for samples coated after manufacturing
Task 8.2.2: for samples coated before manufacturing

Phase 5: Surface Inspection of the plates
Task 9: Conduct surface inspections (surface roughness, SEM, optical microscope,
etc.) on the coated and uncoated manufactured specimens in order to reveal possible
relation between the surface roughness and corrosion behavior of the plates.
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1.2.3. Completed Tasks:
In the first part of this research, a literature survey was performed and importance of
the problem, challenges and requirements were determined. In that period, several stainless
steels (SS304, SS316L, SS430) and other metals (Ni, Ti) were determined as substrate
material for early tests. Hydroforming and stamping methods were selected as the
manufacturing processes, and candidate BPP materials were formed via these methods with
two different geometry dies. First die, die1, has an insert with the 750µm height-width microchannels while die2 includes an insert with the 250µm height-width micro-channels (figure
1.4). Figure 1.5 includes the pictures of manufacturing setup, die 1, stamped plates and
hydroformed plates. Moreover, manufactured bipolar plates, which have 40x40mm nominal
channeled area, were subjected to two different electrochemical corrosion tests,
potentiodynamic and potentiostatic, to observe corrosion characteristics of the BPPs. To
simulate the similar conditions (anodic and cathodic) in PEMFC during the corrosion
experiments, hydrogen and oxygen gases purged into the acid solution. Figure 1.6 shows the
schematic description of the corrosion test setup.
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750-µm

250-µm

Figure 1.4: Die 1 and die 2 inserts, respectively from the left.
In next stage of this study, TiN, CrN, and ZrN were chosen as the coating types for
the BPPs based on the literature review. Two different coated sample clasifications were
decided to be tested;
a) Blanks, coated prior to forming
b) Formed bipolar plates, coated right after the manufacturing
Then, preliminary manufacturing tests with type 1 forming die and corrosion
experiments were performed on the SS 304 substrate material. The results of this part of
study were published in the Journal of Power Sources and given in the chapter 3.
Subsequently, similar tests were carried out with the SS316L, SS430, Ti, and Ni
materials. The results of this work were given in the second paper, which was also published
in the Journal of Power Sources and is presented in the chapter 4 of this proposal.
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In Chapter 5, SS316L uncoated BPPs were manufactured via two different dies to
study the effects of those die geometries on the corrosion behavior. In this part, additionally,
surface inspection including surface roughness measurements and optical microscope images
was performed on the surface of BPPs. Results from this work is ready to be submitted to the
journal.
In this part of the dissertation study, SS316L, which was specified as optimum
material by previous work, blank (unformed) and formed plates with die 1 and die 2 were
coated with TiN, CrN, and ZrN in different thicknesses (0.1, 0.5, and 1µm) by PVD coating
method. Thus far, only coated plates after forming with die 1 were exposed the corrosion
tests. Detailed information about coated samples was included in the third article, which was
published in the International Journal of Hydrogen Energy and presented in the chapter 6.
As the third stage of this project, distinctively, SS316L blank samples first coated and
then manufactured. The reason of that was to investigate the effect of manufacturing-coating
sequence on the corrosion resistance performance. The same coating variables were
employed and statistical analysis method (ANOVA) was applied on the corrosion data.
Results are ready to submit to the journal as fifth paper of the dissertation study.
In the last stage of dissertation, the effects of two different die geometries on the
corrosion behavior of coated BPPs were researched. The results via corrosion tests and
surface inspections as well as the statistical analysis were ready to be sixth journal paper of
this experimental work.
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b)

c)

a)

d)

	
  

Figure 1.5: a) manufacturing setup, b) die 1, c) stamped plates, d) hydroformed plates

Corrosion Test Setup
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Figure 1.6: Corrosion test setup
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1.3. Dissertation Outline:
The objectives given previous section have comprised this dissertation outline and
have been seperatly presented under the chapters through the dissertation. Each objective has
been also studied in detail during this researh by conducting experimental methods in order to
provide more precise results. Besides, indroduction and state of the art review investigations
will be exhibited in the first two chapters. Therefore, dissertation was organized as follows:

Chapter 1: Introduction.
Chapter 2: State of the Art Review.
Chapter 3: Effect of manufacturing processes on the corrosion behavior of uncoated
metallic BPPs.
Chapter 4: Effect of substrate materials on the corrosion behavior of uncoated metallic
BPPs.
Chapter 5: Effect of two different dies geometries on the corrosion behavior of the
uncoated BPPs.
Chapter 6: Effect of coating materials and coating thicknesses on the corrosion
behavior of metallic BPPs.
Chapter 7: Effect of manufacturing process sequence (coating before or after
manufacturing) on the corrosion behavior of coated metallic BPPs.
Chapter 8: Effect of two different dies geometries on the corrosion behavior of coated
BPPs.
Chapter 9: Summary, conclusions and scientific contributions.
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CHAPTER 2
State-of-the-art Review
2.1. Energy Overview
Energy scarcity is a continuously increasing concern due to incessantly rising energy
demand all over the world. From agriculture to transportation, communication to
manufacturing of goods, modern nations profoundly depend on energy. Energy produced
and/or consumed determines the prosperity levels of countries. These circumstances make the
energy-related issues more important than ever. Reliable and sustainable energy supply is
considered critically important for economical growth for the countries and for creating a
better life of the people [1]. It is a well-known fact that the world’s energy consumption
increases year by year.

According to the IEO 2010 reference case, marketed energy

consumption all over the world will increase by 49 % from 2007 to 2035. Figure 2.1 shows
(for OECD and non-OECD countries) that total use of energy worldwide was 495 quadrillion
•

British thermal units (Btu) in 2007 will be 590 quadrillion Btu in 2020 and 739 quadrillion
Btu in 2035 [2].

Figure 2.1: World marketed energy consumption, 2007-2035 (quadrillion Btu) [2]
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
	
   OECD Organization for Economic Cooperation and Development member countries (by March 10, 2010) are the United States, Canada,
•
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Energy obtained from renewable and nonrenewable sources is called primary energy.
Renewable sources such as wind, solar, geothermal, biomass and hydropower can be
regenerated. They are regarded as clean and sustainable energy sources. On the other hand,
nonrenewable energy sources, also known as conventional and fossil fuels (coal, oil, and
natural gas) and nuclear (uranium), cannot be replenished. Today, however, most energy is
generated through fossil fuels (Figure 2.2) because of their cost-efficiency and because they
are relatively easy to produce [3]. As it is seen in Figure 2.3, the most energy consumption
(more than 90%) is from nonrenewable sources in the U.S as well [4].

Figure 2.2: World energy production [3]
*geothermal, solar, wind

	
  

Figure 2.3: U.S. Energy Consumption by energy Source (million tons of oil equivalents) [4]
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In the mean time, reserves for fossil fuels are expected to be exhausted in the near
future since the demand surpasses the required quantities. The unit prices for energies
generated through conventional forces are forecasted to be increasing with decreasing reserve
levels.
Conventional energy sources, on the other hand, have detrimental effects on the
environment. Their use usually results in releasing harmful gases into the atmosphere and
causing air pollution. Eventually, combustion of fossil fuels contributes to the growth of
global warming [5]. Burning of oil products, for instance, releases contaminant gases such as
carbon dioxide (CO2) that cause global warming and Sulfur dioxide (SO2) which is the reason
for undesirable acid rain [6]. Moreover, it was reported in International Energy Outlook 2010
that CO2 emission will have a 43 percent increase between 2007 and 2035. It can be seen in
figure 2.4 that CO2 emissions will grow from 29.7 billion metric tons in 2007 to 42.4 billion
metric tons in 2035 [2].

Figure 2.4: World energy-related carbon dioxide emissions, 2007-2035 [2]
(Billion metric tons)
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2.2. Alternative Energy Sources
Due to the negative aspects of fossil energy sources, alternative energy sources have
been increasingly investigated since the 1970’s. Total consumption of renewable energy
sources between 1949-2009 is shown figure 2.5 [7]. They are mostly renewable energy
sources such as wind, solar, ocean-wave, geothermal, bio-fuels, hydrogen etc., and are
referred as secondary energy sources. Although their current capacities are far from meeting
the overall energy demand, there are tremendous efforts to increase their widespread use and
efficiency. It was reported in the 2009 Renewable Energy Data Book that renewable energy
capacity rose more than triple between 2000 and 2009 in both the world and in the United
States [8]. According to the new policies scenario, a similar increasing trend is expected by
2035 as Figure 2.6 shows [9].

Figure 2.5: Renewable energy total consumption, 1949-2009 [7]
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Figure 2.6: Renewable energy demand by 2035 [9]

2.3. Hydrogen Power
British scientist Henry Cavendish first discovered hydrogen as an element, and then,
in 1766, he determined that water (H2O) consists of oxygen and hydrogen. Swiss chemist
Christian Friedrich Schoenbein in 1838 revealed the fuel cell effect by mixing hydrogen and
oxygen gases that generates an electric current with water as a by-product. Today, hydrogen
is getting attractive options to meet world energy needs as an alternative renewable and
environmentally-friendly energy source [10].
Hydrogen is the most plentiful (an abundant element) and the lightest element in the
universe. It is always found with the other elements such as oxygen (water-H2O) and carbon
(methane-CH4). Furthermore, it has the highest energy content by weight (about three times
more than gasoline) while having the lowest energy content by volume (about four times less
than gasoline). Hydrogen could be obtained from various resources such as fossil fuels and
renewable energy sources. In addition, this valuable gas produces near-zero greenhouse gas
emissions, and generates power without exhaust emissions in fuel cells as well [11].
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The United States consumes 9 million tons of 50 million tons of hydrogen, which is
produced all over the world each year [8]. The main source of acquiring the hydrogen is
natural gas. Other potential sources of hydrogen production and use fields are given in Figure
2.7 [12].

Figure 2.7: Global H2 Production and use [12]
It is published in the 2009 Renewable Energy Data Book that there are 223 fuel cell
vehicles and 68 hydrogen fueling stations in the United States. Additionally, almost 1,000
stationary fuel cell installations are available worldwide [8].
It is anticipated that water, the primary resource for hydrogen, will be used instead of
fossil fuels. Pervasive spread of national hydrogen distribution networks and fueling stations
throughout the U.S. is also considered. Consequently, hydrogen energy in fuel cell
applications will account for the most part of the energy production in the U.S [10].
Hydrogen is preferred in PEMFC applications due to its high-energy content and
susceptibility to the electrochemical reactions with the right catalyst. Moreover, hydrogen
oxidizes easily and it has no harmful emissions, which makes it environmentally friendly.
Additionally, it is a sustainable energy source. Hydrogen can be obtained from fossil fuels,
chemical intermediates, bio-gas, waste materials as well as the electrolysis of water.
Renewable energy sources like wind and solar can be preferred to generate electricity that is
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necessary for water electrolysis in hydrogen production. As new technologies, photobiological or photochemical methods are the alternative hydrogen production methods. Since
hydrogen is mostly used in fuel cell systems, its storage and distribution contribute to the
difficulty of increasing fuel cell utilization. The high cost of hydrogen production,
distribution and storage set-upas well as its relatively low density by volume constrain its
dissemination [13]. Sakintuna et al. mentioned the hydrogen storage methods in their paper.
According to it, hydrogen could be stored in a form of [14];
•

Pressurized gas

•

Cryogenic liquid

•

Solid fuel as chemical

•

Combination with metal hydrides, complex hydrides and carbon materials

•

Instant production by reforming methanol

2.4. Fuel Cell Technology
A fuel cell is an electrochemical conversion device, which converts the energy of a
chemical reaction directly into electricity, with heat as a by-product. They have highefficiency and low-emission devices, thus their impact to the environment is almost zero. On
the other hand, these systems encounter some difficulties with use in transportation vehicles.
Chalk et al. mentioned those challenges in their publication. According to this paper, Fuel
cell systems must be built at a low cost, in a small size and lightweight in order to compete
with conventional systems [15]. Borup and Vanderborgh also highlighted the importance of
the performance, reliability and cost for the fuel cell systems [16].
The US Council for Automotive Research (USCAR), which includes big automobile
companies, Ford Motor, General Motor, and Daimler Chrysler, and the US Department of
Energy established the partnership with the name of FreedomCAR. This research project
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aimed to develop fuel cell vehicle technologies. The FreedomCAR partnership considered
that the most promising candidate for vehicles was the proton exchange membrane (PEM)
fuel cell, also called a polymer electrolyte membrane fuel cell (PEMFC), since it can be
operated at low temperatures and provides the high power density as well as it shows the
short start-up time feature [17]. Veziroglu and Macario in their recent study also pointed out
the polymer-electrolyte-fuel cell (PEFC) as a potential option for vehicles because it has high
performance and proper dynamic properties [18].
Table 2.1 presents certain features of all fuel cell types including the advantages and
disadvantages [19]. More details corresponding to the PEMFC system will be presented in
the subsequent section.

Table 2.1: Fuel Cell Types [19]

It is considered that in near future, electric vehicles will replace conventional vehicles
due to their zero emissions and some other benefits. It will help people to reach the clean
environment target. There are two very promising technologies, fuel cell and battery energy
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sources, which can be used in electric vehicles. Thomas discussed the advantages and
disadvantages of fuel cell and battery electric vehicles in his article. Fuel cell has a short
refueling time of about a few minutes, while battery needs to take at least 7 hours for a
certain type of recharging time. Fuel cell electric vehicles can be driven in a range of 300-350
miles per tank. However, battery-powered cars have a range of only 150-250 miles. It is
possible to increase the range of battery cars but it requires ahigher volume and weight in the
vehicle. Thus, it couldn’t be suitable for the family-size vehicle. Unlike the battery type, the
fuel cell-powered model with a high range gives the vehicle sufficient space for the
passengers and trunk area. Thomas summarized the advantages of these vehicles as given in
table 2.2 [20]. Po-Ya Abel Chuang from General Motors presented the comparison of battery
and fuel cell electric cars as well. The comparison chart is given in Table 2.3 [21].

Table 2.2: Some advantages of fuel cell and battery electric cars [20]
Fuel Cell Electric car

Battery electric car

•

Weighs less

•

Takes up less space on the vehicle

•

Generates less greenhouse gases in

•

Lower fuel cost per kilometer

most of the US

•

Greater access to fueling capability

•

initially

Cost less (lower vehicle costs and life•

cycle costs)
•

Requires less well-to-wheels natural gas

Less well-to-wheels wind or solar
energy per kilometer

or biomass energy
•

Takes much less time to refuel
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Table 2.3: Comparison of Electric Vehicles [21]
Battery-Electric Vehicle
(BEV)

Fuel Cell-Electric Vehicle
(FCEV)

Vehicle Size

≤ Small

≤ Family

Refueling Time

Hours

Minutes

Range (Miles)

100+

300-400

Performance

Excellent

Excellent

Vehicle Emissions

Zero

Zero

Energy Source

Diverse/petroleum free

Diverse/petroleum free

Refueling Infrastucture

Available at home
with cost

Must be deployed

Fuel Cost

3.3¢/mile (10¢/kWh,
3mile/kWh)

3¢-6¢/mile (100mile/kg, $36/kg)

2.5. PEMFCs
Commonly known as the proton exchange membrane, polymer electrolyte membrane
or PEM fuel cell is one of the most hopeful fuel cell types for widespread use. Hydrogen,
reactant gas, is generally used in this system as a fuel. Membrane, gas diffusion layers
(GDL), the catalyst layers (electrodes), and bipolar plates (BPP) are composing the single
PEM fuel cell. Membrane and electrodes are assembled together as the name of MEA
(membrane electrode assembly) as well as the GDLs join to the MEA in most applications.
MEA is the center of the PEMFC to fulfill the electrochemical reactions in the cell. Hydrogen
gas reacts with the anode catalyst electrode; thus, H+ ion (proton) and e- (electron) are
produced at the anode side of the MEA. H+ ions pass through the MEA to the cathode side
while electrons prefer the external circuit by generating the electricity to the cathode side.
These protons and electrons combine with the oxygen from the air at the cathode side to
produce water as by-product. These reactions cause the heat to form as well. As a result,
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electrical power is generated with only water and heat. In addition, MEA interfaces are
noteworthy during this process in terms of the fuel cell performance and need to be examined
in detail [22, 23].
PEM fuel cells use a solid polymer electrolyte (membrane-typically Nafion) which is
easier to handle than a liquid one. The membrane must possess several vital characteristics
that were given in figure 2.8 to function properly in PEMFC technology [24].

Proton transport
Reactant permeability

Proton

Chemical stability

Exchange

Mechanical integrity

Membrane

Water management
Cost

Figure 2.8: Polymer Membrane Properties [24]

The catalyst electrodes, also known as active layers, help the reactions occur and
increase the reaction rate. The material for these layers is typically platinum (Pt) which is
scattered on a carbon as nanoparticles to lower the amount of platinum by retaining its role in
the system [25]. A thin platinum catalyst at the electrodes chemically starts the reactions. In
order to reduce the cost of PEMFC`s stack, a thinner platinum layer is employed in new
technologies [26]. Some of the numerous investigations were conducted to determine the
optimum active layers [27-29]. Litster and McLean reported regarding PEM fuel cell
electrodes in their review study [30].
The gas diffusion layer (GDL),mostly made of carbon paper, is a critical part in the
MEA group as well. It is the bridge between catalyst electrodes and current conductors
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(bipolar plates) to enhance the efficiency. The major tasks of GDL are to deliver the gases
toward the electrodes and to accumulate the current from the MEA [31]. The effects of GDL
types on the MEA performance were examined by many researchers in the literature [32-34].
The parts of MEA and their thicknesses [35] are illustrated in figure 2.9.
Another significant component of the PEMFC is the bipolar plate, which is also called
a flow field or a separator plate. Delivering the hydrogen and oxygen toward the cell, taking
away the water and heat from the system, dividing the cells from each other and conducting
the current are four basic duties of the bipolar plate [36]. The next section will cover the
bipolar plates in detail.

MEA

Gas Diffusion Layer
~200µm

Membrane
~50µm

Gas Diffusion Layer
~200µm

Catalyst Electrode
(Cathode)
~10µm

Catalyst Electrode
(Anode)
~10µm

	
  

Figure 2.9: Approximate Thicknesses of MEA components [35]
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Some benefits of PEMFC are operating at low temperatures, around 80°C (176°F),
starting-up quickly (less warm-up time), having less wear on the system, delivering highpower density, offering the advantages of low weight and volume, using only hydrogen,
oxygen from the air, and water to operate. Figure 2.10 represents the main components of the
PEMFC and its working principle for a single cell [37]. To increase the capacity of the
PEMFCs tens of single cells can be put together by a series connection, and researches
regarding the capacity of PEMFC are very common in the field [38-40]. A maximum of 1
volt is generated with the single cell and the number of the cells in a stack would be just
several or more than hundreds according to the application capacity. PEMFC systems can be
used in diverse fields such as computers (50-100W), homes (1-5 kW), vehicles (5-125kW)
and buildings (1-200MW) due to this arrangeable capacity future of the stacks [41]. Figure
2.11 shows the image and specifications for one of the BALLARD Company`s commercially
available PEMFC products, FCvelocity-9SSL (Ballard Power Systems Inc., British
Columbia, Canada). It can be used in forklift applications, and its durability/lifetime target is
up to 10000 hours. The number of cells for this product is between 20 and 110 from
minimum to maximum capacity [42]. In addition, several PEMFC stacks in different capacity
(0.3, 1, 5 kW) is demonstrated in figure 2.12 [43].
The lifetime of PEMFC devices in FCV operating conditions is approximately
100,000 km (2000 hours), and the target lifetime is to increase up to 4000 hours. The cost of
the prototype stack for the fuel cell vehicles (FCV) is over US $1800/kW. However, it is
expected that numerous R&D projects could provide developed technology and massproduction ability, resulting in lowered costs to under $100/kW. The ultimate target for the
cost is to reduce under $50/kW to battle with combustion engines. The cost projections for
PEMFC stacks are displayed in table 2.4. Another important subject to commercialize the
FCV is to store the hydrogen (H2) fuel in it. H2 can be stored in a gaseous form at 350-700

28	
  
	
  

	
  

bars while it can be stored in liquid form at -253°C. Both methods for H2 storage need
improvement in cost-effectiveness [44].
While the oxygen side (cathode) has a positive charge, the hydrogen side (anode) has
a negative charge in the fuel cell system. The electrochemical reactions that are shown below
(2.5.1, 2.5.2, 2.5.3) occur in both sides of the fuel cell at the same time [45]

In the anode side:
At the cathode:
Overall:

H2 → 2H+ + 2e−

(2.5.1)

½O2 + 2H+ + 2e− → H2O

(2.5.2)

H2 + ½O2 → H2O

(2.5.3)

Figure 2.10: Schematic single PEM fuel cell [37]

Figure 2.11: The specifications of the Ballard FCvelocity-9SSL PEMFC [42]
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Figure 2.12: PEMFC stacks in 0.3, 1, and 5kW capacity [43]

Table 2.4: Cost Projections for PEMFC Stack [44]

Numerous studies have been done so far regarding the PEMFC systems. The common
purpose of the research studies was to reduce the cost and increase the performance of
PEMFC. Bar-On et al. researched the PEMFC systems in terms of their cost. According to
their research, the cost for PEMFC was $200kW-1 in 2002. They focused on the component of
bipolar plates in PEM fuel cell stacks since bipolar plates accont for the biggest part of total
volume and weight. The conclusion was that the cost of BPP as well as the cost of PEMC
stacks could be reduced with the optimum bipolar plate design and dimension [46]. Tsuchiya
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and Kobayashi also studied the cost of PEMFC in mass production. They analysed the cost of
a membrane, platinum electrodes, and bipolar plates by considering mass production. The
learning curve analysis method was utilized in their study and it concluded that the bipolar
plate and electrodes constituted the highest portion of the stack cost. Power density should be
developed to diminish the stack cost as well [47]. Another study corresponding to the cost of
PEM fuel cell was reported recently by Marcinkoski et al. They analyzed the cost of
manufacturing processes for each item in the fuel cell systems. Recent prices for these
components were summarized in their paper [48].
Moreover, Mehta and Cooper investigated the main components of the PEMFC stack
in terms of the design and manufacturing. They published the comprehensive review related
to bipolar plates and membrane-electrode assemblies (MEA) including the membrane,
catalyst layers and gas diffusion layers (GDL) from the point of alternative materials and
manufacturing methods [17]. Wu et al., in addition, published the review paper taking into
consideration the PEM fuel cell durability in detail [49]. Vanderborgh et al. studied about the
heat and mass management of PEMFC stacks. Two fuel cell stacks were tested with different
electrolyte membranes in order to observe the PEMFC performance [50]. Some other
researchers also worked on the performance of PEM fuel cell stacks [51-53].

2.6. Bipolar Plates
BPP is an important component of the PEMFC system since it provides mechanical
support of the stack. Its other functions are that channeling hydrogen and oxygen to the
electrodes, carrying away reaction products (water) and heat from each cell, conducting
electrons between cells, separating and distributing fuel and oxidant, maintaining the stiffness
of the fuel cell stack. Based on those functions, bipolar plates must be resistant against
corrosion due to PEMFC`s corrosive atmosphere [54-57]. The following limitations require
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more investigation by the researchers to improve bipolar plate`s reliability resulting in
increased PEMFC performance [16].
•

Electronic Conductivity

•

Corrosion

•

Cost

•

Low Volume

•

Thermal Control

•

Gas Diffusivity

•

Chemical Compatibility

•

Low Weight

•

Strenght

•

Manufacturability

Wang et al. described the BPP requirements in their study as well. BPP should
possess several major features such as low gas permeability, high corrosion resistance, low
electrical resistance and mechanical and chemical stability. Furthermore, it should be easily
manufactured by means of the cost-effective forming methods as well as it should have low
volume and light weight [58].
Bipolar plates must be produced from the inexpensive material that needs to meet the
BPP`s intended features like durability as well as the PEMFC expectations. They must also
be manufactured by appropriate methods for mass production. Carbon composites, graphite,
and metals are the available types of substrate materials of which BPP is made. Graphite and
metal are two commonly utilized materials by the manufacturers as BPP substrate. In the
past, graphite was preferred more than metal since graphite has a superior corrosion
resistance and fair contact resistance, providing high electrical and thermal conductivity. Low
mechanical strength and challenges in forming, however, are big issues for this material.
Other negative characteristics of graphite plates are that they are brittle, highly porous for
impermeability, relatively expensive, and not easy to shape. Recently, metallic BPPs, on the
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other hand, have become more popular among the investigators since they show excellent
durability, low gas permeability, and low material/manufacturing cost properties. In addition,
metallic BPPs have trouble-free formability by several alternative manufacturing methods
like stamping and hydroforming. However, metallic BPPs have some challenges to surpass to
make them feasible in PEM fuel cell applications. Their corrosion resistance is quite low
when compared with graphite plates. Passive film forming on the metal surface to protect the
surface from further corrosion causes a decrease in the the conductivity of the plate, resulting
in degraded PEMFC performance [59-66]. The commercial graphite BPP (belongs to MGMCarbon Industrial Company, China) was presented in figure 2.13 [67]. Metallic BPP will be
reviewed in-depth in the subsequent section.

Figure 2.13: Graphite BPP [67]

In the literature, many articles have been published including the knowledge about
bipolar plate’s design, material and chemical/mechanical behaviors in PEMFC. Li and Sabir,
for example, reviewed the researches in the field related to flow-field design of BPPs. They
tried to illustrate the latest technologic progress for BPPs. Several options such as pin-type,
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series-parallel, serpentine, and integrated types were described in their study as flow-field
designs for BPPs. They concluded that developments in the geometry of BPP could improve
the PEMFC power density [68]. Boddu and Majumdar performed another study of design
work for bipolar plates. They utilized the computational fluid dynamic model in order to
survey the influence of BPP channel geometry on the PEMFC performance. The parallelstraight channel type was selected in their publication [69]. Further, Brett and Brandon
summarized the substrate materials, cost, manufacturing processes, and coating materials for
BPPs in their review study. They also included the results of corrosion and contact resistance
experiments done by the others for BPPs. They emphasized the importance of BPPs for
PEMFC in terms of the performance, cost, and volume [70]. In addition, Hermann et al.
reflected the information corresponding to bipolar plate’s materials and their properties in
their review paper. Authors suggested the coating on metallic BPPs in PEMFC for
transportation applications [71]. Additionally, it is expected that BPP cost should be
approximately 1.5 $/kW to be suitable for transportation applications [72].

2.7. Metallic Bipolar Plates
BPP`s could be produced from three substrate materials; metallic, graphite, and
composite. From these three materials, metallic bipolar plate (one sample in figure 2.14),
especially stainless steel, stands over the other types of bipolar plates (e.g., graphite and
composite) as a fuel cell stack component for mass production purposes. It has superior
features, such as high conductivity, low material and production costs, high strength, and
low-weight with the smaller gauge used compared to other materials [73]. The graphite
bipolar plates have been used for a long time in lab-scale demonstrations, but are not
considered for mass-scale applications due to the high cost of machining needed to
manufacture micro-channels on the surface and the brittleness that leads to durability
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problems. Metallic bipolar plates are expected to overcome the cost and durability issues that
the graphite bipolar plates have.
Nevertheless, two important problems (low corrosion resistance and high contact
resistance) are available on metallic bipolar plates. The acidic and humid environment of the
PEMFC may cause corrosion on the metallic BPP. Therefore, the occurrence of corrosion
causes passive layers on the surface, resulting in high contact resistance, which influences the
conductivity of the bipolar plates. Finally, all these conditions negatively affect the PEMFC
performance [74-76].

Figure 2.14: Sample of Metallic BPP [77]
Since metallic bipolar plates have been regarded as an alternative to graphite BPPs,
many publications were dedicated to examine their material properties. Most of these studies
went over the low corrosion and high contact resistance issues of BPPs. Wind et al. focused
on the stainless steel 316L bipolar plate, comparing it to graphite plates in terms of the cell
performance. They shaped the BPP`s flow fields with the etching process, and tested not only
an uncoated sample, but also a gold coated sample. This study stated that metallic BPPs with
appropriate coating are suitable for PEMFC systems [78]. Lee et al. applied the
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electrochemical process on the SS316L bipolar plates in order to reveal whether SS316L was
appropriate for PEMFCs in terms of the corrosion-contact resistance, surface roughness, and
cell performance. They declared that stainless steels with the surface modifications can be
good candidates as a BPP material in PEMFC [79]. Li et al. preferred the computational
simulation to investigate the effects of the flow-field design and the stamping process on the
metallic BPP`s durability, as well as the PEMFC performance. The study inferred that the
stamping process could be used to produce BPP, and the optimum sizes for channel width,
land width, and channel depth of BPP were 1.5, 0.5, and 1.5 mm, respectively [80].
A review work on the subject of metallic BPPs in PEMFC was released by Tawfik et
al. The authors compiled literature relating to the improved corrosion resistance and lowered
contact resistance behaviors of metallic BPPs [81]. Heras et al. also accumulated the results
of completed studies in their review article. This paper evaluated the reports about several
BPP materials and BPP coating types [73]. Antunes et al. published a review study on
corrosion cases of metallic BPPs, while Wang and Turner covered both the corrosion and
contact resistance issues of metallic BPPs in their review publications in 2010 [75, 82].

2.8. Corrosion Issue on the Bipolar Plate:
The basic meaning of corrosion is the degradation of a material by environmental
interaction. When metals turn into lower energy oxides, this is called corrosion. There are
two reactions in the corrosion process; one of them is called oxidation (removal of electronsanodic), and the other one is called reduction reaction (cathodic). In order for corrosion to
occur, both anodic and cathodic reactions must be available [83].
Typically, the environment that BPPs are worked in is warm (65–90ºC) acidic (pH 2–
3) and humid in PEMFC. In the anode side (hydrogen side), metal oxidation occurs while at
the cathode side (oxygen side), a reduction of hydrogen ions takes place [84];
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M: represents surface metal element [84]
Since the environment is quite corrosive, metals like aluminum, steel, titanium, or
nickel could corrode in the PEMFC condition [45, 85]. Metal dissolution could permeate into
the membrane, thus membrane electrode assembly (MEA) will be poisoned, affecting the fuel
cell power and life. Moreover, a passive layer forms on the surface of a bipolar plate, causing
a reduction in conductivity with a raised electrical resistance in operation. Subsequently,
increased contact resistance influences the fuel cell efficiency negatively [82, 86].
When a material is described as corrosion resistant, it means it is resistant against
dissolved material from the surface. Fuel cell working conditions, temperature,applied
potential, electrolytes, material type, and the quality of the plate’s surface are the specifying
factors on the corrosion rate. The corrosion potential shows the corrosion resistance of the
material according to thermodynamic laws, whereas the corrosion current shows the
corrosion resistance of the material according to kinetic laws [87].
The United States Department of Energy (DOE) determines the corrosion data targets
for bipolar plates by 2015 as follows: At both the anode side with purging hydrogen gas and
the cathode side with bubbling oxygen gas, corrosion data should not exceed 1µA/cm2 [88].
Researchers have tested lots of materials to determine the optimum one to be convenient for
PEMFC as well as to meet the DOE target. Lafront et al. studied the corrosion resistance of
two different materials as BPPs in a simulated PEMFC environment. SS 316L and bulk
amorphous Zr75Ti25 alloy materials with an exposed surface area of 1cm2 were tested by
using the Electrochemical Noise Analysis (ENA) method to monitor corrosion behaviors.
Results showed that SS316L had a higher corrosion resistance in the cathode side (purged
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oxygen gas-O2), whereas bulk amorphous Zr75Ti25 alloy exhibited better corrosion behavior
in the anode side (purged hydrogen gas-H2) [89]. Wang and Northwood investigated the
effects of anode and cathode gases, H2 and O2, on the SS316L metallic bipolar plate material
by considering the corrosion resistance. The SS316L sample size of 1.5cm x 1.5cm (2.25cm2)
was experimented on in potentiodynamic (PD) and potentiostatic (PS) corrosion tests. The
specimen was placed in a 0.5M sulphuric acid (H2SO4) solution as an electrolyte at 70°C. The
authors recommended that SS316L should be coated for being a BPP substrate material in
PEMFC systems [90]. Another corrosion work on metallic BPP materials was conducted by
Pozio et al. Similar to the advice of Wang and Northwood, they also commanded the PVD
coating application for metallic BPPs to reach improved corrosion resistance [91]. Koc et al.
also shared their results regarding the effects of manufacturing processes on the corrosion
characteristics of metallic BPPs in PEMFC. They stamped and hydroformed the sheet SS304
and SS316L blanks into the BPP by applying various process parameters. Then, BPPs were
exposed to the corrosion tests. In general, SS316L BPP was better than SS304 BPP, and the
stamping process had an adverse impact on BPP in corrosion resistance according to their
conclusions [92].
Different commercial stainless steel grades bear good corrosion resistance, but most
of them have not met the DOE targets as bipolar plate without coating or surface treatment
yet [93-95]. In order to overcome this matter, metallic bipolar plates need to be coated with
the conductive and corrosion resistant coating materials. There are miscellaneous coating
materials applied on metallic plates to reach the DOE targets such as polymers, noble metals,
metal nitrides, steels, metal carbides, etc. [45]. Generally, either carbon based or metal-based
coating materials are used [96].
Garcia and Smit selected the polypyrrole coated SS304 sheet sample to explore the
corrosion endurance of the coating. The electrodeposition method was employed to cover a
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1cm2 surface area of the substrate material with diverse amounts of polypyrrole. They
observed that polypyrrole improved the corrosion behavior of the sample, however,
determining the optimum coating composition was required to achieve long-term stability in
PEMFC [97]. Wang and Northwood also examined the effect of polypyrrole coating material
on the corrosion behavior of SS316L. Galvanostatic and cyclis voltammometric processes
were the methods used to deposit the coating on the 2.25cm2 surface area. The conclusion
that displayed the positive effects of polypyrrole coating on corrosion resistance was similar
to that in Garcia and Smit [98]. In addition, Ren and Zeng combined the polypyrrole with a
polyaniline to have a bilayer composite coating material. They reported that composite one
was better than single polypyrrole coating in terms of the corrosion characteristic [99]. Joseph
et al. picked those two polymer-coating materials (polypyrrole, polyaniline) in their work as
well. They supported the others regarding the good corrosion behaviors of these coatings
[100]. Some publications also included the composite coatings corrosion and contact
resistance properties [101, 102].
Lee et al. compared two different metallic BPPs in their corrosion resistances. SS316L
and aluminum alloy 5052 sheets were shaped into the BPPs via CNC machining or EDM.
Only the 5052 was coated with the YZU001 diamond-like coating by the physical vapor
deposition (PVD) method while the SS316L remained uncoated. After corrosion tests, the
Tafel-extrapolation method was used to calculate corrosion rates. Although the SS316L was
uncoated, it demonstrated higher corrosion resistance than the coated aluminum.
Nevertheless, the aluminum possessed lower contact resistance value than the SS316L [103].
Like the most workers, Yu et al. selected the SS316L material to test for the coating
influence on the corrosion behavior. Authors coated the SS316L sample with a tantalum (Ta)
coating by the PVD process. Comparison between uncoated and coated SS316L samples
disclosed that the Ta coating improved the corrosion endurance of the sample [104].
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Jung et al. manufactured the BPPs from the Titanium block with the dimension of 7.5
x 7.5 x 1.2 cm. The BPP had serpentine type flow-fields of which the surface area was 5cm2
with 1mm-depth channels. The BPP was covered with 1µm-thick-gold coating via the Denton
Desk II Sputter Coater. The gold coating increased the unit cell performance by blocking the
oxidation forming on the surface [105]. Similarly, Kumar et al. announced the excellent
corrosion protection properties of even nanometer range (10 nm) gold coatings for metallic
BPPs [74]. Yun, moreover, firstly deposited the 0.1µm-thick titanium or nickel and then
applied the 1-2 µm-thick gold coating on the surface of the SS316L by using the electronbeam-evaporation process. Before the coating process, the surfaces of samples were
electropolished. Experiment results indicated that the gold-coated samples were appropriate
BPP candidates in PEMFC [106].
Yoon et al. studied several substrates (SS304, SS310, SS316) and coating materials
(Ti, Zr, ZrN, ZrNb, ZrNAu, 2nm-10nm-1µm-thick gold) by using the PVD coating process.
Both anode and cathode environments of PEMFC were simulated in polarization tests for
coated metal samples with a 3cm2 surface area. During corrosion tests, the potential was
elevated from -1V to 1V with a 1mVs-1 scan rate. According to the corrosion test results, Zr,
ZrN, ZrNb, ZrNAu and 10nm-thick gold-coated samples met the DOE target in the anode
side while only the Zr coated sample reached the DOE target in the cathode side. Moreover,
thicker coating materials were more resistant against corrosion [84]. Barranco et al. reported
the corrosion behaviors of single chromium nitride (CrN) and multi-layer zirconiumchromium nitride coatings on the aluminum 5083 alloy. Coatings were applied by means of
the cathodic arc evaporation physical vapor deposition (CAE-PVD) method on one side of
the samples. Short-term experiments confirmed the feasibility of these coatings and the PVD
coating method on the aluminum plates from the point of corrosion resistance [107].
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Jeong et al. and Feng et al. experimented on the Ni-Cr rich-coating-layers in terms of
the corrosion endurance of the SS316L BPP in the PEMFC. They both delivered their
encouraging conclusions about this coating type. However, the amount of Ni-Cr content
should be optimized to accomplish expected corrosion resistance for the BPP [108, 109].
Barronco et al. investigated the CrN-coated aluminum alloy 5083 by using three
different thicknesses (3, 4, 5 µm) in the PVD process. Although CrN coating improved the
corrosion resistance of the sample, it could not be an alternative way to coat aluminum as a
BPP since some pitting holes were detected on the surface after the corrosion test [110]. On
the other hand, Tian and Fu et al. also scrutinized CrN film coating type on the SS316L BPP
material. They applied this coating with different Cr and N compositions. Consequences
pointed out CrN`s promising features in electrochemical stability and interfacial conductivity
[111-113].
Wang et al. utilized TiN coating on the SS316L with the PVD coating technique. Two
electrochemical (potentiodynamic and impedance) test methods were carried out to evaluate
the corrosion resistance of TiN coated SS316L BPP. Approximately 15 µm-thick TiN was
found not to be a good coating option for BPP since it incorporated pinholes [114]. Zhang et
al. preferred SS304 substrate material as BPP to observe the TiN coating`s corrosion
behavior. Unlike Wang et al., Zhang et al. followed two different coating processes: pulsed
bias arc ion plating (PBAIP) and magnetron sputtering (MS). The results specified only
Ti2N/TiN multilayer coating as corrosion resistant for BPP [115].
Eriksson at al. studied the formability and corrosion behavior of TiN-coated AISI 304
stainless steel. Corrosion tests were conducted after the forming process. The authors reached
some beneficial conclusions;
•

Hard coating did not prevent the formability of the coated sheet,
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•

Although some cracks were monitored under the microscope after the
manufacturing process, uniform coating color was still seen on the surface,

•

With higher coating thicknesses, cracks numbers declined,

•

While the forming process reduced the corrosion resistance of the TiN coated
sample, it was better than the uncoated sample [116].

In the literature, there are a high number of publications that went over the TiN, CrN,
TiAIN, CrN-Ti, TiC and multilayer TiN/CrN coating applications on the corrosion resistance
of various metallic BPPs, especially on SS316L substrate material [117-125].
Fu et al. researched three different carbon-based films as SS316L BPP coating
materials. For the coating technique, PBAIP was selected to cover SS316L with C, C-Cr, and
C-Cr-N films. Only the C-Cr film coated sample appeared to be suitable as BBP in PEMFC
according to the potentiodynamic and potentiostatic test results [126]. Like Fu et al., Feng et
al. coated SS316L coupons with carbon film. Amorphous-carbon (a-C) coating was
processed via close field unbalanced magnetron sputter ion plating (CFUBMSIP). Feng et al.
concluded that a-C was the alternative coating for the metallic BPPs [127]. The positif effects
of the carbon-based coatings on the metallic BPP in corrosion resistance were repeated by
Fukutsuka et al.and Lee et al. [94, 128].
Another way to protect the BPP surface from corrosion and contact resistances is the
surface modification methods [129]. Lee et al. applied surface treatment on the SS316L
specimen to construct a better surface quality resulting in high corrosion resistance and low
contact resistance. They observed that since the surface became smoother after treatment, the
sample developed into a more corrosion resistant material [130]. Cho et al. employed the
chromized SS316L in their study to complete the corrosion characteristics evaluation.
Chromizing surface modification was performed by the pack cementation method. This
treatment improved the corrosion protection feature of the sample in short-term tests, while
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no development on the corrosion behavior was seen after 10 hour-long-term test [131]. In
addition, chromized steels were commended in terms of the electrochemical stability in some
other publications [132-135].
Another option for BPP coating material was niobium, which was investigated in
literature with promising corrosion results [136-138].
Although there are some coatings that meet the DOE corrosion goals, they could not
satisfy the DOE contact resistance target (<10mΩm2 at 140N/mm2). It is essential to coat or
modify the surface of the stainless steel plate in order to meet the DOE targets in terms of
both corrosion and contact resistance. Therefore, numbers of studies still have been
conducted in the fuel cell field in order to achieve optimum metallic material and coating
material for BPPs by the researchers.

2.9. Electrochemical Test Methods
Potentiodynamic (PD) and Potentiostatic (PS) measurements as electrochemical
methods are the most preferred methods to observe the corrosion behavior of metallic bipolar
plates [91].
The PD test is accepted as one of the most promising techniques to determine the
susceptibility of corrosion for materials. Knowledge about the corrosion mechanisms,
corrosion rate and corrosion susceptibility of particular materials in an intended atmosphere
can be obtained by the PD test. The potential of the working electrode is changed and the
current, which is a function of time or potential, is observed during this polarization method
[139]. Cíhal et al. also stated that the PD test provides a way to scrutinize the material`s
(stainless steels and alloys) sensitivity against corrosion. Doing the test on-site prevents
destruction and is one of the significant benefits of this technique [140]. Furthermore, many
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researchers used dynamic polarization tests in order to observe corrosion behavior of the
substrate material in their studies [79, 121, 141].
The process of the PD test is portrayed in Figure 2.15. The X axis represents the
logarithm of absolute current while the Y axis stands for potential. The straight lines
symbolize the theoretical current for the anodic and cathodic reactions. Moreover, the curved
line forms by means of the current measured during the PD test. The sharp point of the curve
indicates the change of current signs (from the anodic reaction to the cathodic reaction) [142].
Since the potentials for the PEMFC systems are 0.1V at the anode side and 0.8V at
the cathode side, the PD corrosion tests on BPPs are conducted between -1.0V to 1.0V at a
rate of 1mV/s with respect to the Standard Hydrogen Electrode (SHE) [117, 143]. The Tafel
analysis method available in CorrViewSoftware can be used to determine the corrosion
current density of the samples. Anodic and cathodic sections are inferred by using tangent
lines from the graph. The corrosion current density, Icorr, can be calculated from the
intersection of the two tangent lines as shown in Figure 2.16 [144].

Figure 2.15: PD test process [142]
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Figure 2.16: Corrosion current density calculation [144]

For the PS test, on the other hand, the potential is kept constant while the current
values were gained and recorded when the system reached the steady state condition. This
PS corrosion test on BPP is performed at 0.8V vs. SHE during the O2 purge to simulate the
cathodic condition and at 0.1V during the H2 purge to simulate the anodic conditon [145].
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CHAPTER 3
Corrosion Resistance Characteristics of Stamped and Hydroformed
PEMFC Metallic BPP

Metallic bipolar plates have numerous advantages over other types of bipolar plates
(graphite and composite) due to their high conductivity, low material and production costs,
and the ability to make thinner plates. Among existing fabrication methods for metallic
bipolar plates, stamping and hydroforming are seen as prominent approaches for mass
production scales. In this study, the effects of several process parameters of these two
manufacturing processes on the corrosion resistance of thin metallic bipolar plates of SS304
with an initial thickness of 51µm were investigated. Specifically, the punch speed, pressure
rate, stamping force and hydroforming pressure were varied during the fabrication processes,
which would inevitably affect the channel dimensions, surface conditions and corrosion
properties. Corrosion behavior under real fuel cell conditions was examined using both
potentiodynamic and potentiostatic experiments. The majority of the results exhibited
reduction in corrosion resistance for both stamped and hydroformed plates when compared
with non-deformed blank plates. In addition, it was observed that there exist an optimal
process window for punch speed in stamping and the pressure rate in hydroforming to
achieve improved corrosion resistance at a faster production rate.

3.1. Introduction
In the past few years, the fabrication methods and material selection for bipolar plates
in PEMFCs for vehicle applications have gradually evolved and narrowed to the following
candidates: (1) machined graphite plates, (2) stamped or photo etched metal plates with and
without coatings, (3) molded polymer-carbon composite, and (4) molded carbon-carbon
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material [1]. Metallic bipolar plates have numerous advantages over other types of bipolar
plates (e.g., graphite and composite) as a fuel cell stack component for mass production
purposes due to their high conductivity, low material and production costs, and the ability of
making thinner plates. The graphite bipolar plates have been used for a long time in lab-scale
demonstrations, but are not considered for mass-scale applications due to the high cost of
machining needed to manufacture micro-channels on the surface and the brittleness that leads
to durability problems. Metallic bipolar plates are expected to overcome the cost and
durability issues that the graphite bipolar plates have.
Metallic bipolar plates can be manufactured by various methods including machining,
stamping, die casting, investment casting, powder metal forging, electroforming, stretch
forming, wire bonding, and hydroforming [2]. Among these, stamping and hydroforming are
seen as the suitable approaches for mass production scales. For instance, for a production
plan of 100,000 cars per year, 40 millions bipolar plates of around 30x30cm2 must be
manufactured to the very tight specifications at a rate of approximately two plates per second.
Both stamping and hydroforming processes can potentially achieve this production rate.
Other production methods can hardly reach such production rates. The outstanding advantage
of the stamping comes from the fact that it is fast and inexpensive, while that of the
hydroforming comes from good surface topology, uniform thickness distributions, and tight
dimensional tolerances that would potentially help maintaining a desirable fuel cell
performance [3-8].
The selection of manufacturing process will have major effects on the dimensional
and surface properties of the bipolar plates. After a flat metal sheet is shaped into arrays of
micro-channels (i.e., flow field), the surface becomes harder, the thickness distribution
changes, the surface roughness varies, the coating layer is deformed and fractured and there
will be some residual stress left on the metal sheet. These changes eventually affect the
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corrosion, the contact mechanics; and hence, the performance properties of fuel cell stacks.
Metallic plates with appropriate coatings may have a good corrosion resistance before
deformation, but they are susceptible to corrosion after deformation due to the loss of coating
layer by scratching or galling typically observed in stamping process. There are many
existing publications discussing the corrosion and contact mechanics properties of different
flat metal sheets [9-12]; however, there is no study acknowledging the very same issues for
manufactured or shaped bipolar plates with flow field. The effects of stamping and
hydroforming of thin metal sheets on the corrosion resistance is the main focus of this study.

3.2. Review of corrosion resistance issues in PEMFC bipolar plates
Corrosion resistance of a material is the resistance to the dissolution of the material
from the surface. The rate of dissolution or corrosion rate depends on the cell environment
(e.g., temperature, applied potential, electrolyte), type of material (steady state potential,
material passivity, the surface affinity), and the surface quality. The corrosion potential
shows the corrosion resistance of the material according to thermodynamic laws, whereas the
corrosion current shows the corrosion resistance of the material according to kinetic laws
[13].
As the metallic bipolar plates corrode, metal ions are released and block the ion
conduction mechanism for H+ at the membrane [14]. Also, the contact resistance will
increase due to the oxide layer formation at the surfaces [15]. All these phenomena caused by
corrosion of the metallic bipolar plates would directly lead to performance degradation and a
shorter stack life.
The United States Department of Energy (DOE) has put certain goals for metallic
bipolar plates to be used in fuel cell stacks. The corrosion goals by the year 2010 are set as
follows. At the anode side, the corrosion current at 0.1V vs. SHE (standard hydrogen
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electrode) while hydrogen is bubbling through an acid solution (representing the acidic fuel
cell environment) should not exceed 1µA/cm2 [16, 17]. On the other hand, at the cathode
side, the corrosion current at 0.85V vs. SHE while oxygen is bubbling through an acid
solution should also not exceed 1µA/cm2. In addition, the contact resistance and cost of a
metallic bipolar plate are aimed to be less than 10mΩm2 at 140N/mm2 and $6/kW,
respectively [16, 17].
Even though different commercially available stainless steel grades possess a
relatively good corrosion resistance, most of them still could not survive the acidic
environment in PEMFCs to meet the DOE goals for fuel cell bipolar plate without any
surface modification (i.e., coating) [9-11]. The corrosion current values for such steels are
reported to be between 8-52µA/cm2 as summarized in Table 3.1. In order to meet the goals
for corrosion resistance, they must be coated with a better corrosion resistant material.
Several coatings on commercial materials have been tested to accomplish the DOE targets set
for corrosion resistance [11, 14, 18, 19]. While some of the coating materials enhanced the
corrosion resistance and met the DOE target (<1µA/cm2), they failed to meet the contact
resistance goal (<10mΩm2 at 140N/mm2). Yoon et al. showed that a gold coating could
significantly decrease the contact resistance. In addition, they reported that a 10nm thick
coating on several types of base materials would be enough to meet the DOE goals [18].
Table 3.2 summarizes a list of the corrosion and contact resistance of some coated metals.
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Table 3.1: Corrosion Current in 0.5M H2SO4 Media and Contact Resistance Values for
Bare Stainless Steels
Stainless Steel
Material

icorra at 0.1V
(µA/cm2)

icorrc at 0.85V
(µA/cm2)

Rct (mOhmcm2)

Ref

304

35*

35*

∼75

[16, 22]

316

-

-

∼100

[15]

316L

∼52

∼14

∼150

[14]

317L

∼21

∼17

∼148

[14]

904L

∼16

∼9.5

∼132

[14]

349

∼9.5

∼11

∼112

[14]

AISI 444

∼50

∼20

∼100

[23]

∼8
∼20
∼200
* These values were recorded without purging any gas.

[23]

AISI 446

Table 3.2: Corrosion Current in 0.5M H2SO4 Media and Contact Resistance Values for
Coated Metal Plates
Base
Material

Coating
Material

icorra at 0.1 V at
80°C (µA/cm2)

icorrc at 0.85V at
80°C (µA/cm2)

Rct
(mOhmcm2)

Ref

AISI 446

Nitrided

∼0.2-1.7

∼0.6-1.5

∼6-40

[10]

SS 316

TiN

∼0.2 (0 V)

∼0

-

[17]

SS 316

Carburized

∼7

∼1.5

∼75

[16]

SS 316

Zr

∼0.15

∼0.35

∼1000

[18]

SS 316

ZrN

∼0.2

∼4

∼160

[18]

SS 316

ZrNAu

∼2.5

∼1.5

∼6

[18]

SS 316

Au

∼4

∼4

∼5

[18]

Therefore, it is essential to coat or modify the surface of the stainless steel plate in
order to meet the DOE targets. The most commonly used coating materials are either carbon
based or metal based. Graphite, conductive polymers, diamond like carbon and organic self
assembled polymers are examples of carbon-based coating, whereas metal-based coating
materials are usually noble metals, such as metal nitrides and metal carbides [2]. The coating
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thickness is another important parameter that determines the corrosion resistance, contact
resistance, and the overall cost [18].
Coating can be done before or after the manufacturing process of the micro-channels
(i.e., flow field) on the plates. There are many studies investigating different coatings and
surface modification of stainless steel sheets, but all of them used non-deformed stainless
steel sheets (i.e., flat sheets). The effect of manufacturing process on the corrosion and
contact mechanics of the coated and modified plates have not yet been investigated and
reported in any open literature. This lack of knowledge in terms of the effect of
manufacturing process on the corrosion resistance of metallic bipolar plates has inspired and
set a scope for this study in which, only uncoated metallic plates were stamped and
hydroformed under different processing conditions for corrosion testing. Furthermore, the
coated metallic plates will be investigated in a follow up study.

3.3. Manufacturing of thin metallic bipolar plates
Stamping and hydroforming were selected as fabrication processes for micro-channel
arrays on thin sheets of SS304 with an initial thickness of 51µm. While stamping required
both male and female dies for forming the channels, hydroforming process required only the
female die with pressurized fluid as the forming media (Figures 3.1, 3.2). The most
outstanding advantage of stamping process is its fast cycle time, while that of hydroforming
process is at the uniform thickness distribution of the channel arrays. Even though different
types of stainless steels (e.g., SS304, SS316, SS316L, SS317L, SS904L, SS 349, Krofer,
Nikrofer) could be used as the base material for bipolar plates, SS304 was selected in this
study for its low material cost, acceptable corrosion resistance and availability.
In a previous study by the authors, the effects of process conditions (e.g., stamping
force and speed, and hydroforming pressure and pressure rate) on the manufacturability of the
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bipolar plates were investigated in detail [22]. In summary, it was reported that the microchannel depth (or height) increases with greater stamping force or hydroforming pressure. In
addition, hydroforming was found to provide better dimensional accuracy (i.e., less variation)
of the micro-channel profiles when compared to the stamping process. The effects of the
stamping speed (between 0.1 and 1mm/s) and the hydroforming pressure rate (at 0.1, 1, and
10MPa/s) were also found to be significant on the formability of the micro-channels,
especially at a lower stamping force level.

F

Stamping

Male die

Female die

	
  

	
  

	
  	
  

(a)	
  

Hydroforming
Female die

P
	
   	
  

(b)	
  
Figure 3.1: Schematic diagram and samples from (a) stamping, and (b) hydroforming
processes
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Die Assembly

Female die
Male die

	
  

(a)

	
  

(b)
Figure 3.2: (a) Die set for stamping and hydroforming, and (b) detail geometry of microchannel on the female die (units are in mm)

3.4. Corrosion resistance tests of thin metallic bipolar plates
It is hypothesized that the manufacturing of bipolar plates affects the corrosion
resistance due to the residual stresses and surface quality after plastic deformation processes.
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In order to reveal the effect of manufacturing on corrosion resistance, both non-deformed
(i.e., incoming flat blank) and deformed (i.e., stamped and hydroformed plates) SS304 plates
were tested for their corrosion resistance properties.

3.4.1 Corrosion Test Methods
Electrochemical methods such as potentiodynamic and potentiostatic measurements
are the most commonly used methods to observe the corrosion behavior of metallic bipolar
plates [17, 19]. Surface analysis such as microscopy (light, SEM) and other instrumental
methods (EDX, XRAY, XPS) can also be used. Corrosion resistance can also be measured by
the amount of ions released from metallic plates.
The corrosion potential of a substrate can be obtained from the open circuit potential
of the metal substrate in liquid electrolyte. In order to observe the behavior of the electrode
in varying potentials, a potentiodynamic experiment should be conducted. This experiment
indicates whether the electrode is in an active or passive state for corrosion as well as
providing initial corrosion current values at certain potentials regardless of time [13]. A
linear sweep voltammetry experiment can be conducted between an anodic corroding
potential and a cathodic corroding potential. The transition from the anodic polarization to the
cathodic polarization represents the corrosion potential value. The corrosion current can be
obtained from the intersection of the tangential lines to the negative and positive
overpotential curves as explained elsewhere [13].
In this study, a custom made corrosion cell controlled with a PAR 2200 potentiostat
(Figure 3.3) was used to carry out both potentiodynamic and potentiostatic experiments on
initial flat blanks (non-deformed), stamped, and hydroformed bipolar plates. The corrosion
cell consists of a specimen holder where a metal blank (bipolar plate) is held inside and acts
as a working electrode, a Poco graphite counter electrode, an Ag/AgCl reference electrode,
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and a gas bubbler at the bottom. To simulate the PEMFC environment, 0.5M H2SO4 solution
was used as the working electrolyte while the temperature of the corrosion cell was controlled
at 80°C by an electrical furnace.
The specimen preparation steps are as follows. First, the residual oil and dirt on the
specimen surface were removed by wiping with acetone, followed by ultrasonic cleaning for
30 minutes in an acetone bath. Next, the non-active area and the back part of the bipolar plate
specimens were covered with a chemically stable and insulator Teflon tapes; and thus, only
the active area of the bipolar plate was exposed to the acid. The working electrode (i.e.,
bipolar plate) was placed in the corrosion cell before placing the electrolyte. All connections
inside and around the cell were covered with Teflon tape to prevent the corrosion from the
sulfuric acid vapor. Additional 0.5M H2SO4 was also placed inside the temperature controlled
environment with a closed tap to prevent excessive evaporation of the acid at 80°C. The acid
was refilled several times during the experiment to ensure that the working electrode is fully
submerged under the electrolyte throughout the entire test period.
The potentiodynamic experiments were performed by increasing the potential from 1.0V to 1.0V at a rate of 1mV/s, as also selected in similar studies [18, 21]. All of the
potentials are given with respect to the Standard Hydrogen Electrode (SHE). The upper and
lower limits of the experiment were selected to include the anodic and cathodic transition
potentials with an adequate offset for extrapolation. Three different potentiodynamic
conditions were carried out which include: no gas (acidic condition), H2 purge (anode side
condition), and O2 purge (cathode side condition). The graphs were plotted between -0.6V
and 1V for better visibility. On the other hand, the potentiostatic experiments represent the
steady state operation condition of the fuel cell where the current values were obtained and
recorded when the system reached the steady state while keeping the potential constant at
0.8V vs. SHE during O2 purge and at 0.1V during the H2 purge [17].
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The channeled surface area of the BPP sample was calculated after the manufacturing
process to find out the area exposed to corrosion in polarization tests. Keyence LK-G37
(Keyence Corp. of America, Itasca, IL) laser sensor (0.05 mm resolution) with a motorized
stage (MM-4M-EX-140, National Aperture, Salem, NH, USA) and Ambios XP-1 stylus
contact type profilometer (Ambios Tech., CA, USA) were employed to obtain the channel
profile dimensions of the BPPs. Table 3.3 exemplifies the calculated surface area data, which
was exposed to corrosion tests, for BPPs.

0.5M H2SO4
solution
Bipolar Plate
(working electrode)

Ag/AgCl
Ag/AgCl
(ref. electrode)

Poco graphite
(counter electrode)

	
  

Figure 3.3: Corrosion test setup

Table 3.3: Calculated channeled surface areas for BPPs

Manufacturing Process

Stamping

Force/Pressure

100kN

200kN

300kN

20MPa

40MPa

60MPa

Surface Area

17.4cm2

18cm2

18.3cm2

16.5cm2

17cm2

17.5cm2
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3.4.2 Potentiodynamic Test Results
3.4.2.1 Result Interpretation and Repeatability
To ensure a good repeatability of the test results, a number of specimens were tested
under the same conditions. The tangential line of the anodic polarization curve was drawn to
determine the corrosion current values [13] since the cathodic polarization curve was not
suitable for extrapolating a tangential line due to two different oxidation processes had
occurred in the potential range between -0.2V and -0.4V (first peak or half peak from the
bottom) as illustrated in Figure 3.5. The duration of the oxidation process was around 3-5
minutes while the potential continued to shift. The break-down of the surface oxide due to the
plastic deformation during the rolling process to produce the thin sheet, the stamping and
hydroforming processes to produce the micro-channels; and the re-oxidation of the bulk
material’s surface could be the reasons for the early peaks. The second peak as shown in
Figure 3.5 indicates the point where the oxidation of these areas was completed, while the
third peak represents the transition point between reduction and oxidation regions. Among
these peaks, the third peak was chosen for comparison since the region between the first two
peaks was briefly interrupted and unstable. In addition, the occurrence of all three peaks is
independent from one another; and thus, the first two peaks do not have any effect on the
third peak. On the other hand, the surface oxidized very quickly on the cathode side; and
thus, the second and third peaks were not observed in the case of O2 purging experiments.
This might be due to the early oxidation of the cracked areas before the potentiodynamic
experiment process started.
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Figure 3.4: The effect of purged gases on corrosion resistance of non-deformed
SS304 blanks
3.4.2.2 Effect of Purging Gases on Corrosion Resistance
The hydrogen and oxygen gases were purged during the potentiodynamic experiments
for the non-deformed SS304 samples (Figure 3.5) to resemble the corrosive environment
inside a fuel cell stack. Based on the results in Figure 3.5, the presence of hydrogen and
oxygen gases are shown to have an effect on the corrosion resistance of the plate.
Specifically, hydrogen has a significant negative effect on the corrosion resistance, whereas
the corrosion resistance is shown to improve in the presence of oxygen.
3.4.2.3 Effect of Fabrication Process on Corrosion Resistance
For reasonable comparisons between the two forming processes, the ranges of the
stamping force and hydroforming pressure were selected to be between 100-300kN and 2060MPa, respectively. This way, for a given plate size of 70x70mm2, the stamping force
would be in a similar range with the hydroforming pressure [20]. In addition, the effects of
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the stamping speed (0.1-1mm/s) and hydroforming pressure rate (0.1-10MPa/s) on the
corrosion resistance were also considered.
As would be expected, the corrosion current was shown to increase (lower corrosion
resistance) with increasing stamping force as shown in Figure 3.6a. On the other hand, only a
slight effect of the hydroforming process could be observed on the corrosion resistance since
there was no significant difference in potentiodynamic results between the hydroformed and
non-deformed plates (Figure 3.6b). In the case where the hydroformed plates showed better
corrosion resistance than the non-deformed plates, the surface topologies of the plates had
been improved due to the surface smoothing under uniform and homogeneous pressure
distribution during the hydroforming process as shown in Figure 3.7b as compared to Figure
3.7a. The small improvement in surface quality of stamped specimen (Figure 3.7c) can be
attributed to the surface smoothening by stretching. Furthermore, the surface topography of
the blank, stamped and hydroformed specimens were examined with an optical 3D
measurement system (Nanofocus, µSurf Explorer) as shown in Figure 3.8. Notice that the
rolling marks can be clearly seen on the non-deformed blank as illustrated in Figure 3.8a.
The measurement of the surface roughness value (Ra) was also performed on both nondeformed and deformed specimens. In fact, it was rather difficult to obtain these Ra values
due to the steep elevations of the channel. Nonetheless, the Ra values of non-deformed,
hydroformed at 40MPa, 1MPa/s (Figure 3.8.b) and stamped at 200kN, 1mm/s (Figure 3.8c)
plates were found to be 0.060µm, 0.050µm and 0.055µm, respectively. These Ra values
represent the average roughness value of the selected section on the plate (i.e., localized
data); and thus, could not be directly used to reflect on the corrosion resistance.
The results from the potentiodynamic tests for all cases are summarized in Figure 3.9.
The test results with purging H2 gas (Figure 3.9a) indicate that the corrosion resistance of the
non-deformed plate was better than the hydroformed plates, except for one extreme case (i.e.,
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Hydroformed 60MPa), but worse than stamped plates, except for one extreme case (i.e.,
Stamped 300kN). In other words, the high-pressure level had smoothened the surface of the
hydroformed plates, while the high stamping force had created more scratches on the surface
of the stamped plates.
Corrosion resistance results with purging O2 gas were slightly different from with
purging H2 gas as shown in Figure 3.9b. In general, the non-deformed plate showed better
corrosion resistance when compared to the hydroformed and stamped plates. The corrosion
resistance values of stamped plates at different force levels were found to be very similar and
are slightly better than that of the hydroformed plates.
The effects of the punch speed and pressure rate on the corrosion performance are
shown in Figures 3.9a and 3.9b, respectively. The results show that a faster stamping speed
(1mm/s) resulted in bipolar plates with better corrosion resistance when compared to a slower
stamping speed (0.1mm/s) in the presence of either H2 or O2 gases. Therefore, a 1mm/s
should be selected over 0.1mm/s during the stamping process due to better corrosion
resistance and faster cycle time. Finally, the corrosion resistance was found to improve when
a slower pressure rate was used during the hydroforming process under both anodic and
cathodic environments. However, this improvement in corrosion resistance will come at a
cost of a longer process cycle time; and therefore, an optimum pressure rate would need to be
determined.
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(b)	
  
Figure 3.5: Effect of stamping force and hydroforming on corrosion resistance during H2
purging
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c)
Figure3.6: Surface topology of (a) non-deformed, (b) hydroformed, and (c) stamped SS304
plates

a)	
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b)

c)
Figure 3.7: Surface Roughness of (a) non-deformed, (b) hydroformed and (c) stamped SS304
plates
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Potentiodynamic Results with H2
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Potentiodynamic Results with O 2
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b)
Figure 3.8: Effect of pressure and stamping force on corrosion resistance with purging (a) H2
gas, and (b) O2 gas
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3.4.3 Potentiostatic Test Results
The potentiostatic experiment results showed an increase in corrosion current under
H2 purging condition before the value decreased and become stabilized, Figure 3.10a. On the
other hand, in the case of O2 purging, the corrosion current was found to continuously
decrease until it became stabilized, Figure 3.10b. The stabilization time period was found to
vary according to the surface homogeneity of the specimens. Nonetheless, hydroformed
specimen surfaces appeared to be more homogenized than stamped specimen surfaces due to
a shorter stabilization time. The test results under H2 purged condition showed poorer
corrosion resistance of both non-deformed and deformed plates when compared to the O2
purged condition; and thus, the anodic side can be said to be more corrosive than the cathodic
side. Finally, the drop in corrosion resistance with stamped and hydroformed samples can be
clearly observed when compared to the non-deformed (blank) samples in the case of O2
purged condition. Positive current density on the polarization curve represents the oxidization
of the materials. It maintains until the curve becomes stable. Morever, initial sudden drops in
the curves of formed samples` occurred due to concentration polarization, which includes the
low participation of chemical species in concentration for corrosion reactions at the metal
surface [24, 25]. However, comparing between the two manufacturing processes, the
hydroformed plates showed more resistance to the corrosive environment in the fuel cell
stacks when compared to the stamped plates. When looked at closer to the stamped samples,
it can be realized that the sample stamped with 300kN had higher stabilization level than the
other stamped counterparts. It can be explained that the channel heights did not change
considerably after the 200kN force [26, 27]. Although there was no significant increase in
channel height after 200kN, the stamping force was applied %50 more than this. Therefore, it
may be concluded that the excessive load caused the more stresses and scratches on the
surface of the stamped BPPs.
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Figure 3.9: Potentiostatic corrosion resistance of non-deformed, stamped and hydroformed
samples with purging (a) H2 gas, and (b) O2 gas
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3.5. Summary and Conclusions
In this study, the effects of manufacturing processes (i.e., stamping and hydroforming)
and process conditions on the corrosion resistance of thin metallic bipolar plates were
investigated. The results showed that the manufacturing processes would generally degrade
the corrosion resistance when compared to non-deformed blanks. Although this observation
held true for most of the cases, in a few instances, especially during potentiodynamic
experiments, the opposite trend was also observed. This can be explained with the removal of
residual stresses which occurred after several plastic deformation processes and smoothening
of the surfaces. The metallic bipolar plates need to be corrosion resistant under both anodic
and cathodic conditions; the results showed that a much improvement of the surface quality is
needed, especially under the anodic condition.
The effect of process conditions in both stamping (punch speed) and hydroforming
(pressure rate) was shown to be significant on the corrosion performance of the plates.
Specifically, lower stamping speed resulted in more surface scratches and damages, which in
turn, gave rise to decreased corrosion resistance. Therefore, based on the results in this study,
a faster stamping speed should be selected for the fabrication of bipolar plates since it
resulted in better corrosion resistance and also a shorter production time. On the other hand,
the lower pressure rates in hydroforming were shown to result in an increase in corrosion
resistance. Unfortunately, the pressure rate needs to be high for mass production requirement.
Therefore, a compromise between corrosion performance and production rate is needed if
hydroforming will be selected for a mass production of the metallic bipolar plates.
As a final remark, surface coating is almost necessary in order to enhance the
corrosion properties of the bipolar plate to meet the DOE goals.
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CHAPTER 4
Effect of Manufacturing Conditions on the Corrosion Resistance Behavior
of Metallic BPP Plates in PEMFC

Metallic bipolar plates are one of the promising alternatives to the graphite bipolar
plates in Proton Exchange Membrane Fuel Cell (PEMFC) systems. In this study, stainless
steel (SS304, SS316L, and SS430), nickel (Ni 270), and titanium (Grade 2 Ti) plates with an
initial thickness of 51µm were experimented as bipolar plate substrate materials in corrosion
resistance tests. In addition to unformed blanks, SS316L plates were formed with stamping
and hydroforming processes to obtain bipolar plates under different process conditions
(stamping force, hydroforming pressure, stamping speed, hydroforming pressure rate). These
bipolar plates, then, were subjected to corrosion tests, and the results were presented and
discussed in detail. Potentiodynamic polarizations were performed to observe corrosion
resistance of metallic bipolar plates by simulating the anodic and cathodic environments in
the PEMFC. In order to determine the statistical significance of the corrosion resistance
differences between different manufacturing conditions, analysis of variance (ANOVA)
technique was used on the corrosion current density (Icorr, µA cm-2) values obtained from
experiments. ANOVA for the unformed substrate materials indicated that SS430 and Ni have
less corrosion resistance than the other substrate materials tested. There was a significant
difference between blank (unformed) and stamped SS316L plates only in the anodic
environment. Although there was no noteworthy difference between unformed and
hydroformed specimens for SS316L material, neither of these materials meet the Department
of Energy`s (DOE) target corrosion rate of ≤1 µA cm-2 by 2015 without coating. Finally,
stamping parameters (i.e. speed and force levels) and hydroforming parameters (i.e. the
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pressure and pressure rate) significantly affected the formability and dimensional tolerances
of the micro-channels for bipolar plates.

4.1. Introduction
Substrate material and manufacturing techniques are considered as important factors
impacting the corrosion resistance of bipolar plates. Each metal exhibits different
characteristic under corrosive conditions. In addition, the manufacturing method affects the
surface topography of the bipolar plates. Consequently, the corrosion and conductivity
behaviors are affected. Several studies in the literature aimed to find out the optimum
substrate material that will provide high corrosion resistance and lower interfacial contact
resistance [1-5]. Two electrochemical tests (potentiodynamic and potentiostatic polarization
tests) are the most commonly conducted tests to observe corrosion behavior of metallic blank
(unformed) plates by simulating the anodic and cathodic environments in the PEMFC [6, 7].
However, bipolar plates used in the actual fuel cell environment are manufactured via
deformation processes such as stamping. Hence, their surface characteristics and dimensions
are entirely different from those of blank substrates as mostly reported in the literature.
The purpose of this study is to investigate the effect of manufacturing process and
substrate material on the corrosion resistance of metallic bipolar plate in PEM fuel cell by
using statistical analysis tools. Therefore, several substrate materials and two different
manufacturing methods were chosen in order to determine proper substrate materials and
suitable manufacturing conditions for future PEMFC bipolar plate corrosion resistance
research.
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4.2. Experimental Procedure
In this study, stainless steels (SS304, SS316L, and SS430), nickel (Ni 270), and
titanium (Grade 2 Ti) sheet blanks with a thickness of 51µm were chosen as unformed
substrate materials for corrosion testing. Moreover, hydroformed and stamped SS316L plates
with a thickness of 51µm were compared with SS316L blanks in terms of corrosion
resistance. Potentiodynamic polarizations were conducted to determine corrosion resistance
of metallic bipolar plates by simulating the anodic and cathodic environments in the PEMFC.
In addition, Tafel analysis was applied to measure corrosion current density (Icorr) of the
specimen (blank or formed bipolar plate). In order to determine the statistical significance of
the corrosion test results, ANOVA (analysis of variance) tests were conducted on the Icorr
values obtained for each specimen.
Stainless steels are preferred for fuel cell applications due to their relatively high
corrosion resistance among metallic bipolar plates as an alternative of graphite plates [8, 9].
In a previous research by authors, corrosion resistance of SS304 substrate material was
studied in detail [10]. It was concluded that SS430 and Ni had low corrosion resistance. Ti
and Ni plates were included in this study to compare the behavior of pure metals in corrosion
tests even though it is known that Ni and Ti are more expensive than the stainless steels.
However, this study mainly focused on SS316L, which has high corrosion resistance and low
cost as manufactured bipolar plate material [6]. SS316L with surface treatment was also
suggested for potential bipolar plate in PEMFC by Lee et al. [11].

4.2.1. Manufacturing of bipolar plates
SS316 plates were formed to bipolar plates with flow channels using hydroforming
and stamping processes. Hydroforming involves a blank plate that is shaped between an
upper die (female) and high-pressure fluid below. For stamping, a blank sample is
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compressed between upper and lower dies to produce the channels. Detailed information and
description of these processes and equipment were reported in a recent study [12]. For
hydroforming, 20 and 40 MPa pressure levels and 1 MPa s-1 pressure rate were used in the
experiments whereas force levels of 100 and 200 kN and 1 mm s-1 punch speed were used in
the stamping process.

4.2.2. Corrosion Resistance Experiments
Manufactured bipolar plates and unformed specimens were tested using
potentiodynamic polarization method to assess the corrosion behavior of the samples
according to the procedure mentioned in [6]. A Solartron 1287 Electrochemical Interface
potentiostat and CorrWare software (Scribner Associates Inc., Southern Pines, NC, USA)
were used to produce Tafel Plots which will be explained under “potentiodynamic
polarization test” section – potential (E) vs. the logarithm of the current (log I).

4.2.2.1. Sample preparation procedure
After acetone application, the samples were put in an ultrasonic acetone bath for 30
minutes in order to remove oil and stain residues from the surface. Followed by cleaning
process, the specimens were taped (Figure 4.1-b) with the Teflon tape except the active area
of the bipolar plate. Samples were put into the sample holder set (given in Figure 4.1-b) in a
tight form that the passive (taped) area is protected from the acid exposure (Figure 4.1-b).
After the tests, it was assured that there was not acid diffusion and residue into Teflon taped
passive area. In order to simulate the PEMFC environment, 0.5 M sulfuric acid (H2SO4) was
used as the working electrolyte. Prepared specimens (working electrodes) were placed into
the acid tank. Then, the corrosion test setup (Figure 4.1-a) was placed into the electrical
furnace which was heated to 80°C prior to tests.
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Figure 1-2

Figure 4.1: Corrosion test setup in the furnace (a) - front (tested), back side (covered) and the
holder set of bipolar plate (b)
4.2.2.2. Potentiodynamic polarization test

A polarization method such as potentiodynamic polarization (PD) is one of the
commonly used laboratory-type corrosion tests. This method can give significantly useful
output regarding the materials` (stainless steels and alloys) corrosion behavior in intended
atmospheres. One important advantage for the PD test is allowing to non-destructive and onsite examination [13, 14]. The standard test method for conducting potentiodynamic
polarization resistance measurement was set by ASTM G59-97 standard [15].
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The potentiodynamic experiments were performed in the potential range of -1.2 to
−1

0.8V at a rate of 1 mV s . All of the potentials are given with respect to the reference
electrode, which is equivalent to standard hydrogen electrode (SHE) in the potential range of
-1 to 1V. Two different potentiodynamic conditions (H2 purge for anode side and O2 purge for
cathode side) were tested. A corrosion cell consisting of the bipolar plate as a working
electrode, a graphite counter electrode, and an Ag/AgCl (silver/silver chloride) reference
electrode was employed for the potentiodynamic experiments and were connected to the
Solartron potentiostat. Detailed experimental setup and procedure is given in [10].
In order to quantify the corrosion current density of the samples in all the graphs,
Tafel analysis [16] was conducted on the Tafel Plots using CorrView software. This method
involves extrapolating the anodic and cathodic reactions by finding tangent lines to the
anodic and cathodic sections of the graph. The intersection of the two tangent lines gives the
corrosion current density, Icorr. The CorrView software found Icorr values automatically using
two points above and below Ecorr, the corrosion potential.
Corrosion current density value was determined by two different methods, namely
Tafel extrapolation and Fit AutoTafel. Due to small differences between the results of the two
methods; only “Fit AutoTafel between cursors” method was applied to obtain Icorr value for
all graphs given in the rest of the study.

4.3. Results and Discussion
4.3.1. Potentiodynamic test results	
  
The anodic Tafel Plots (H2) showed more peaks and noise than their cathodic (O2)
counterparts. Additionally, corrosion current densities were higher in anodic side than
cathodic environments. This observation suggests that the purge gas (H2 or O2) did impact the
corrosion behavior of those substrates at different potentials. The following sections are
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dedicated to the potentiodynamic test results of unformed and formed plates from different
materials.
4.3.1.1. Unformed SS304, SS316L, SS430, Ti and Ni Plates
In this section, the corrosion current densities of unformed samples are analyzed.
Table 4.1 shows the mean corrosion current densities for experimental groups (SS316L,
SS304, SS430, Ti, and Ni), which is the average of three test results. Figure 4.2 shows the
anodic (H2) results while Figure 4.3 shows the cathodic (O2) condition test results.
From Figures 4.2 and 4.3, it can be observed that the Ti plate shows the highest
corrosion resistance in the cathodic side, followed by SS316L, SS304, Ni, SS430 samples
respectively while SS316L plate yields the lowest corrosion current density in the anodic
side. The same results can also be inferred from the Table 4.1 which indicates that Ti with O2
purge and SS316L with H2 purge have the lowest current densities. Having a lower corrosion
current density represents a higher corrosion resistance [7]. Although SS430 demonstrated
the worst corrosion behavior in current study, Pozio et al. found in their study that Niobium
(Nb) coated SS430 could be an appropriate substrate material in terms of the corrosion and
contact resistances for bipolar plates in PEMFC [17]. Similarly, Weil et al. revealed that
boronization of nickel could help increasing the corrosion resistance of Ni bipolar plates [18].
Chemical compositions of the materials are shown in Table 4.2 [12]. Amount of the
chromium (Cr) in a stainless steel affects the corrosion resistance of the material. Higher
chromium content offers better protection against corrosion due to a passive film formed by
the chromium. In addition, the nickel (Ni) content in the stainless steel can improve the
corrosion resistance of the material since nickel, which bears a Face-Centered Cubic (FCC)
crystal structure, provide the stainless steel to have FCC structure [19]. Abdallah et al.,
moreover, studied the nickel and its alloys in terms of the corrosion resistance. According to
that study, acidic environment caused higher corrosion occurance on the Ni surface.
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Furthermore, Ni without or lower Cr content showed worse corrosion resistance [20].
Another research by Mishra and Balasubramaniam examined the corrosion behavior of the
bulk nickel and nanocrystalline nickel (different grain sizes on copper strips). Bulk nickel
obtained relatively higher current density that means weak corrosion protection [21].
Therefore, SS304 and SS316L substrate materials with the higher Ni and Cr contents
displayed better corrosion resistance than SS430 substrate material. Ti samples displayed
relatively good corrosion resistance in both anodic and cathodic test conditions. It can be
explained that formation of the titanium oxide (TiO2) film during the initial oxidation protects
the surface of the sample from further corrosion incident [22].

.Table 4.1: Corrosion current density (mean) data for Unformed SS304, SS316L, SS430, Ti,
Ni Plates
Mean Icorr
(µA cm-2)
for SS304

Mean Icorr
(µA cm-2)
for SS316L

Mean Icorr
(µA cm-2)
for SS430

Mean Icorr
(µA cm-2)
for Ti

Mean Icorr
(µA cm-2)
for Ni

H2 purge
(anodic tests)

10.92

6.68

1400

7.25

48.15

O2 purge
(cathodic tests)

5.99

5.68

5238

4.83

431.48

Table 4.2: Chemical compositons of the substrate materials [12].

2
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Figure 4.2: Current Density data with H2 for Unformed SS304, SS316L, SS430, Ti, Ni
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Figure 4.3: Current Density data with O2 for Unformed SS304, SS316L, SS430, Ti, Ni
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4.3.1.2. Unformed and formed SS316L Plates
Corrosion resistances of formed and unformed SS316L bipolar plates are presented
and discussed in this section. Table 4.3 tabulates the mean Icorr data for unformed, stamped
and hydroformed groups consisting of three specimens for each case.
The corrosion resistance of the SS316L samples was evaluated by their corrosion
current densities and the corrosion potentials. Figure 4.4 and 4.5 show these results in anodic
and cathodic environments, respectively. According to these graphs, the plates corrode in the
anodic side more than they do in the cathodic side. Wang and Northwood obtained similar
results for SS316L in their research emphasizing that cathodic (O2) side was four times more
corrosion resistant compared to anodic side (H2) [6]. Moreover, hydroforming process did not
demonstrate as much of a corrosion augmenter impact on the bipolar plate as the stamped
plates. Hydroformed plates produced with 20MPa pressure and 1MPa s-1 rate showed very
similar corrosion characteristics to the unformed plates. Hydroformed plates performed better
than unformed samples in the cathodic condition, as well. This can be illuminated with the
elimination of residual stresses and having smooth surface after deformation process [10]. In
contrast, hydroforming under 20MPa and 1MPa s-1 condition did not produce the expected
channel depth due to the low manufacturing pressure [12].
Table 4.3: Corrosion current density (mean) data for unformed, hydroformed and stamped
SS316L Plates

SS316L

Mean Icorr
(µA cm-2)
for Blank

Mean Icorr
(µA cm-2)
for Hydroforming
(20MPa-1MPa s-1)

Mean Icorr
(µA cm-2)
for Hydroforming
(40MPa-1 MPa s-1)

Mean Icorr
(µA cm-2)
for Stamping
(100kN-1mm s-1)

Mean Icorr
(µA cm-2)
for Stamping
(200kN-1mm s-1)

H2 purge
(anodic
tests)

6.68

7.15

8.03

8.79

8.35

O2 purge
(cathodic
tests)

5.68

5.45

5.93

6.19

6.95
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Figure 4.4: Current Density data with H2 for unformed and formed SS316L from
Potentiodynamic test results
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Figure 4.5: Current Density data with O2 for unformed and formed SS316L from
Potentiodynamic test results
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4.4. Analysis of Variation (ANOVA)
This part of the study aimed to investigate the impact of substrate material, purge gas,
and manufacturing method and their variation on the corrosion resistance of a PEM fuel cell
bipolar plate. To this aim, several analysis of variation analyses (ANOVA) were conducted
on the Icorr data for each data set in order to determine the statistical significance of the
corrosion test results. 95% confidence interval (CI) plots for the mean were obtained to
compare unformed and formed plates in terms of their corrosion resistance. For reliable
statistical analysis, all experimental groups had at least three repeated trials.
Before statistical analyses, it was assumed that SS316L and SS304 stainless steel
would be more corrosion resistant than the other materials tested (SS430, Ni, and Ti).
Unformed SS316L would also perform better than its stamped and hydroformed counterparts.
In addition, the anodic (H2) environment would increase the corrosion current density more
than the cathodic condition.
According to the ANOVA analysis, results for unformed substrate materials indicated
that there was an important difference among the unformed group samples that SS430 and Ni
had significantly lower corrosion resistance than the others. Moreover, there was a significant
difference in the anodic (H2) condition test results for the unformed, hydroformed and
stamped SS316L plates at an α of 0.05 (p-value = 0.029). Confidence intervals of the SS316L
plates are shown in Figure 4.6. The stamping speed-force levels and the hydroforming
pressure and pressure rate were found to be significantly affecting the formability of the
micro-channels on bipolar plates. Further ANOVA tests were carried out to determine which
process affects the corrosion behavior of the SS316L samples more by comparing the test
results of formed samples, and unformed samples. Differences between blank (unformed)
SS316L plates and stamped SS316L specimens in the anodic environment were found to be
significant. Comparison of interval plots for both anodic and cathodic sides for unformed
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Figure 7
SS304, SS430, Ti, Ni and formed with unformed SS316L plates are given in the next
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4.4.1. Comparison of Unformed SS304, SS316L, SS430, Ti and Ni
First, an ANOVA test was performed on the five unformed substrate groups (SS304,
SS316L, SS430, Ti, and Ni) to determine whether the substrate material that has a
significantly high or low corrosion current density than the others in both anodic and cathodic
conditions. Confidence intervals of these groups are given in Figure 4.7. The test showed a
significant difference in terms of the corrosion behavior among those groups. The ANOVA
test attained a p-value of 0.000, which is significant for α of 0.05 (confidence interval of
95%). In addition, further analysis indicated that SS430 and Ni (Table 4.1) showed greater
corrosion current densities than the other substrates tested in both anodic and cathodic
environments.
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Figure 4.7: Interval plot for unformed SS304, SS316L, SS430, Ti and Ni in anodic and
cathodic conditions

Figure 7

Subsequently, SS304, SS316L and Ti, which displayed lower current density data
than the other materials, were analyzed in terms of anodic and cathodic conditions. Analysis
indicated that there was no significant difference between the unformed SS304, SS316L and
Ti at an α of 0.05.

4.4.2. Comparison between the SS316L Unformed and Hydroformed plates
Another series of significance tests were carried out to determine whether the
hydroforming process conditions (20MPa and 40MPa) significantly affected the corrosion
current density values (Figures 4.8). These ANOVA tests showed that there was no
significant difference at an α of 0.05 between the blank and hydroformed SS316L at 20MPa40MPa pressure and 1MPa s-1 pressure rate for both anodic and cathodic environments.
Therefore, it can be inferred that the hydroforming process is a more promising method in
terms of corrosion resistance variation and consequently manufacturing purposes. Similar
conclusions for robustness of hyfroforming process were noted in another publication in the
literature [12].
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Figure 9
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The effect of the stamping on the corrosion resistance of bipolar plates was evaluated

by comparing their corrosion current densities with that of the unformed plates. According to
the ANOVA test that yielded a p-value of 0.002 which is lower than an α of 0.05, there was a
significant difference in the corrosion current density of unformed and stamped SS316L
samples at 100kN-200kN force and 1mm s-1 force speed regardless of force level or
environment (H2 or O2) (Figure 4.9). Hence, the stamping process is found to be negatively
affecting the corrosion resistance significantly due to its increasing corrosion current on
bipolar plates. However, stamping process is an important alternative method due to its
ability to produce metallic bipolar plates inexpensively and rapidly. Therefore, coated blanks
or coating of stamped plate approaches should be considered in order to satisfy DOE targets
for durability, corrosion and contact resistance, weight per kW, and cost requirements.
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Figure 10
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4.5. Conclusions
S

According to the corrosion test results and ANOVA statistical analyses, the effect of
the speed-force levels in stamping and the pressure and pressure rate in hydroforming were
found to be significant on the formability of the micro-channels for bipolar plates. A detailed
review on the effect of manufacturing processes on formability was reported elsewhere [12,
23].
In addition, the corrosion test results for unformed substrate materials indicated that
SS430 and Ni have significantly less corrosion resistance than all other substrates tested.
Moreover, the SS304, SS316L, and Ti groups showed similar corrosion resistance, in general.
Consequently, SS430 and Ni were found not suitable as bipolar plate substrate materials for
the PEMFC use without surface treatment. 304, and 316L stainless steel alloys as well as Ti,
on the other hand, can be considered in the future as potential PEMFC bipolar plate materials.
It should be noted that Ti has high cost and oxide formation problems. When comparing the
corrosion resistance values for SS316L and SS304, it was revealed that SS316L performed
better in the simulated PEMFC environment than SS304. Polarization test results showed that
SS316L produced lower current density in both anodic and cathodic sides. A similar
conclusion was pointed out in an earlier study [24].
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Confidence intervals of the mean corrosion current densities for metal substrates were
higher than 1µA cm-2 (target value by DOE by 2015), and therefore, the metal substrates are
considered to be corroded by themselves too much for use in the PEM fuel cell. According to
the corrosion test graphs, the lowest current density of the samples was determined as 4,83µA
cm-2 (unformed Ti). This value is still above the target of 1µA cm-2. Moreover, the
passivation of the substrate materials would stimulate the interfacial contact resistance (ICR)
of the bipolar plate, reducing the conductivity, and efficiency. It was concluded that none of
the substrates tested in this study would meet the 2015 DOE goals. However, surface
modifications could increase the corrosion resistance of these substrates dramatically.
Future studies regarding the corrosion behavior of the metallic bipolar plates should
include coated substrate materials. In literature, many studies were reported to determine an
inexpensive, pinhole-free coating that defends the substrate effectively [25-27]. From these
studies, it is clearly seen that, there are many coating alternatives and surface modifications
techniques that could increase the corrosion resistance of bipolar plates to satisfy the DOE
requirements. These coatings could be applied to SS304 and SS316L to decrease corrosion
current densities to less than 1µA cm-2 in order to achieve bipolar plates, which could be used
in PEMFC devices with compatibility and high performance. In next phase of this study,
several coating types such as TiN, ZrN and CrN with different thickness will be applied onto
SS316L substrate materials, and the effect of coating materials on the improvement of
corrosion and contact resistances will be investigated. The effect of coating process applied
prior to manufacturing and after manufacturing of bipolar plates will be studied as well.
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CHAPTER 5
Effect of Flow Field Micro-Channel Size on the Corrosion Resistance
Behavior of Bipolar Plates in PEMFC
Corrosion formation is one of the important challenges on metallic bipolar plates
(BPP) in Proton Exchange Membrane Fuel Cell (PEMFC) systems. It is considered that
manufacturing variables would have an impact on corrosion behavior of metallic BPP by
causing changes on the surface conditions. In this study, stainless steel SS316L sheet samples
were shaped into the BPP micro-channels via stamping and hydroforming manufacturing
processes using two different die geometries (i.e., two different micro-channel size). Along
with the manufactured (i.e., formed) samples, unformed (blank) samples were subjected to
corrosion resistance tests, and the results were examined in detail. Before and after corrosion
tests, surface of the specimens were inspected microscopically. Analysis of variance
(ANOVA) technique was applied to reveal the statistical significance of corrosion and
surface measurement. Experiments indicated that manufacturing conditions affected the
corrosion resistance of the BPPs. Although the stamped samples with smaller channel size
(250um) showed significantly better corrosion resistance than stamped samples with the
greater channel size (750um) during potentiodynamic corrosion tests, opposite results were
observed in the potentiostatic corrosion tests. Moreover, no significant relation was detected
between the surface roughness value and the corrosion current density.

5.1 Introduction
Bipolar plate (BPP), membrane, and catalyst layer compose the PEMFC stack main
components. The bipolar plate accounts for the high weight (80%) and cost (45%) in the
hydrogen fuel cell stack [1, 2].
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The environment BPP works is humid and acidic, and conducting the electrons to the
external circuit effectively is one of the significant functions. Hence, BPP must posses high
corrosion resistance and low contact resistance properties [3]. Metallic BPP materials are
widely investigated in terms of its corrosion resistance issue due to its high conductivity, low
material and production costs, and the ability of making thinner plates [4-8]. Nonetheless,
most of the studies examined only blank sheets regarding corrosion problem on BPP [9-13]
whereas it is known that manufacturing process, on its own, affects the corrosion behavior as
well. The hypothesis is that the manufacturing process has an impact on the corrosion
resistance of BPP since residual stresses and surface deformations are produced during its
forming process. Stamping process, for instance, influences the surface quality of
manufactured item due to process variables like the die geometry and friction characteristics
[14]. Moreover, surface properties such as roughness value may alter the BPP performance
and may give an idea about the corrosion resistance feature of the BPP [15].
Another important factor that affects the PEMFC performance is flow channel design
(dimensions, shape and orientation of micro-channels etc.) [16, 17]. Many alternative designs
for channels were studied by researchers including but not limited to straight-parallel, pin,
serpentine, and integrated flow fields [17].
Li et al. investigated the effect of flow channel design in metallic BPPs for anode side
in terms of channel dimensions and distributions on the PEMFC performance by means of
numerical simulation tool. For the flow field geometry, serpentine design was used at
different channel sizes. They concluded that channel width and depth of 1.5 mm were the
optimum dimension values for BPP flow field [18].
Similar conclusion was reported earlier by Kumar and Reddy regarding with optimum
channel width and depth for BPP. They also stated that producing the BPP with the
appropriate channel dimension improved the fuel cell performance [19]. Peng et al. noted in
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their published findings that the optimum channel depth and channel width were 0.5 and 1.0
mm, respectively [20]. Moreover, Ying et al. researched the effect of miscellaneous channel
sizes for BPP on the cathode side of PEMFC. They inferred that increased opening size
(channel section) helped to achieve optimum fuel cell performance. [21].
Early studies given in Chapters 3 and 4 presented the results concerning the effects of
manufacturing parameters (e.g., stamping force and speed, and hydroforming pressure and
pressure rate) and the effect of different substrate materials [22, 23] on the corrosion behavior
of the BPP. In the light of those previous studies, this study aimed for investigations for
effect of two separate die geometries that are used in forming of BPPs on the corrosion
resistance characteristics of the metallic BPP in PEMFC. Both anodic and cathodic
environments of PEMFC were simulated by bubbling hydrogen and oxygen gases during the
corrosion tests. Results are compared with the Department of Energy`s (DOE) target
corrosion rate of ≤1 µA cm-2 by 2015 [24] for uncoated BPPs.

5.2 Experimental Conditions and Methodology
Two different die channel size (250 and 750µm) were selected to shape SS316L blank
substrate material into the BPP for this study. Hydroforming and stamping were employed as
manufacturing processes. Manufacturing parameters such as force and pressure were varied
to examine their effect on corrosion resistance. All formed and blank samples were exposed
to the electrochemical corrosion tests in which oxygen (O2) or hydrogen (H2) gases were
purged into the corrosion test setup. Tafel analysis method was used to evaluate the corrosion
test results. Moreover, surface roughness inspections were performed to correlate the
corrosion resistance and surface roughness of the BPP. ANOVA (analysis of variance) tests
were conducted to survey the statistical significance of the corrosion test results and surface
roughness measurements.
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5.2.1. Manufacturing Processes
BPP specimens were fabricated via stamping and hydroforming processes which both
have some advantages over other manufacturing methods. For hydroforming, there was only
one female die, and sheet blank sample channeled into this die via pressurized oil.
Hydroforming provides higher formability (e.g. channel depth) as well as it is free of wrinkle
formation. It also decreases the tool cost since this process uses only one die [25]. In addition,
the uniform thickness distribution and less springback could be achieved through
hydroforming [20,22,25,26]. More information about hydroforming process was available
elsewhere [27, 28]. On the other hand, sheet blank samples were shaped between two, upper
and lower (male and female), dies during stamping process. The significant benefit of
stamping process is its fast cycle time. Therefore, stamping process is regarded as fairly
convenient technique for mass production [16]. Li et al. supported the feasibility of the
stamping process with elastic-plastic finite element analysis (FEA) [18]. Manufacturing
variables and mechanical testing system for both methods used in this research can be seen in
Table 5.1 and Figure 5.1, respectively.
BPPs were fabricated with two dies which have 250, and 750µm channel width and
height in order to investigate the effect of die geometry on corrosion behavior of BPP.
Expressions 250-micron-channel and 750-micron-channel will refer to the die feature size in
the rest of this chapter. This study employed straight-parallel flow channels for BPPs due to
their ease of formability. Nominal channeled area of the BPP was in 40x40mm dimension
with a 51µm thickness similar to others works [18, 19]. Both die geometries used in this
study were illustrated in Figure 5.2. In addition, SS316L substrate material was preferred in
this study like the others [29-36].
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Table 5.1: Manufacturing variables
Material

Material
Thickness

Stamping
SS316L

51 µm

Die channel width and
height

Manufacturing Process
Hydroforming

Force

Speed

Pressure

Rate

100 kN
200 kN

1 mm s-1

20MPa
40MPa

1 MPa s-1

250 µm

750 µm

a)
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b)
Figure 5.1: Manufacturing test setup for a)Hydroforming b) Stamping processes

Figure 5.2: Die geometries for two different flow field sizes
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5.2.2 Surface Inspections
BPP samples stamped with 200kN-1mm s-1 and hydroformed with 40MPa-1MPa s-1
conditions were examined in terms of their surface topography changes. Corrosion effects on
BPP surface were observed by means of optical microscopy and surface roughness
measurements Microscope pictures were taken from the peak surface of the channel by Nikon
Eclipse LV-100DA-U universal design microscope with 50x objective. After microscope
examination, surface roughness value (Sa) measurements were carried out for the selected
samples via non-contact type optical profilometer, Veeco NT 1100 (Veeco Instrument Inc.,
Tucson, AZ). At least three roughness measurements were performed on each sample to
address the repeatability of surface roughness Sa value. All images and the roughness
measurements were taken from the peak surface of the channel.

5.2.3 Corrosion Resistance (Polarization) Experiments
In this study, polarization test methods, potentiodynamic (PD), and potentiostatic (PS)
tests, were preferred as they are commonly used test methods in literature [37-41]. The
effecst of different geometries on the corrosion behavior of SS316L BPPs were observed. PD
corrosion tests were repeated three times by using new specimen for each case.
Corrosion test cell consists of a working electrode (BPP sample), a graphite counter
electrode, an Ag/AgCl reference electrode, and a gas bubbler at the bottom. All polarization
tests were carried out in a 0.5M H2SO4 solution as the working electrolyte at 80°C. Prior to
tests, samples were cleaned in an ultrasonic bath for 30 minutes. H2 gas was purged into the
corrosion cell to simulate the anodic condition while O2 gas was used to imitate cathodic
environment in PEMFC. During the PD corrosion tests, the potential range was varied from 1.2 to 0.8V at a rate of 1 mV s

−1

with Solartron 1287 Electrochemical Interface potentiostat.

Corrosion current density (Icorr) for each specimen was calculated by Tafel analysis method.
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On the other hand, the potential was constant at 0.6V, and at -0.1V for O2 and H2 purged tests
for 3 hours in PS tests. It was well known that the lower corrosion current density pointed out
the BPP sample with a higher resistance against the corrosion [42].

5.3 Results and Discussion
5.3.1 Surface Inspections for 250 and 750-µm channels-BPPs
Microscopic examinations and roughness measurements were conducted on the
samples formed with two different dies (250 and 750µm channels). Specimens manufactured
via those dies were shown in Figure 3. Besides, Figure 4 presents the microscope pictures of
formed BPPs.

Figure 5.3: Specimens formed via 250-micron channel die (left) and 750-micron channel die
(right)
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Figure 5.4: Optical microscope images of hydroformed BPPs formed via 750- µm channel
die (left) and 250- µm channel die (right) with 5x objective and 10x objectives, respectively

5.3.1.1 Microscopic examination
Figure 5.5 shows the optical microscope images for the blank, stamped and
hydroformed samples before and after PD corrosion tests with O2 atmosphere. Figure 5.5a
was obtained from the SS316L blank specimen while other micrographs in Figure 5.5 b), c),
d), and e) represent the stamped sample with 250 µm channel, stamped sample with 750 µm
channel, hydroformed sample with 250 micron channel, and hydroformed sample with 750
µm channel, respectively.
On the surface of blank sample (Figure 5.5a), rolling marks can be both before and
after corrosion conditions whereas these marks were mostly diminished at formed samples
(Figure 5.5b, c, d, e). It is assumed that surface of blanks was smoothened during forming
processes employed.
When the visual comparison performed via micrographs between 250 micron channel
and 750 µm channel dies in terms of the surface quality, the samples (Figure 5.5c and e)
manufactured with 750 µm channel die seemed to be better than the samples (Figure 5.5b and
d) shaped with 250 µm channel die. More surface irregularities were observed on the surface
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of these samples (250 µm channel size samples). Larger channel size (750 µm channel BPP)
would be more appropriate in terms of the improved surface topography as channel size for
BPPs.
Another important aim in optical microscopy examination was to reveal the effect of
corrosion exposure on surfaces. It was assumed that corroded sample surfaces might differ
and show corrosion signs. Contrary to expectations, no substantial changes were observed on
the corroded surfaces. This can be resulted from the short corrosion exposure time in PD tests
(45 minutes only). A few local corrosion effects were seen on the hydroformed samples as
given in Figure 5.5d and 5.5e only. It was concluded that longer corrosion test duration, as in
PS tests (for 3 hrs), or examination with SEM need to be used to observe surface topography
changes.

109	
  
	
  

	
  

Figure 5.5: Microscopic images before and after PD corrosion tests for a) blank sample,
b)250 µm channel-stamped sample, c)750 µm channel-stamped sample, d)250 µm channelhydroformed sample, e)750 µm channel-hydroformed sample

5.3.1.2. Roughness Measurements
One example to roughness measurements (for 250-µm channel-hydroformed at
40MPa-1MPa s-1 sample) was illustrated in Figure 5.6. Figure 5.7, and 5.8, on the other hands
illustrate the surface roughness measurements before and after polarization tests, respectively.
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Figure 5.6: Screen shot from roughness measurement from channel peak of 250-µm-channel
hydroformed sample at 40MPa-1MPa s-1
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Figure 5.8: Roughness measurements for blank and formed samples manufactured in two
different dies after corrosion test

From these figures, it was seen that surface roughness values of formed samples
considerably higher compared to blank sample regardless of manufacturing type, die
geometry, and corrosion exposure. It was also observed that samples with 250-µm channel
displayed lower 3-d surface area roughness (Sa) value than samples with 750-µm channels.
Besides, in before corrosion test measurements, stamped BPPs (250-µm channel) attained
less rough surfaces than hydroformed BPPs while the opposite behavior was detected in the
case of after corrosion test measurements. On the other hand, for BPPs with 750-µm
channels, hydroformed samples demonstrated higher roughness value than stamped samples
in both cases (before and after corrosion). Comparison between before and after corrosion
cases for each group was given in Figure 5.9.
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Figure 5.9: Comparison of the roughness data for before and after PD corrosion tests

Although it was expected to find out certain correlation between roughness and
corrosion current (will be given in subsequent sections) values of the BPP, the results did not
confirm this prospect. It may be described that since Sa values yield the average roughness
data of the localized section on the sample, they may not be directly exploited to be a sign of
the corrosion resistance feature for BPP [22].

5.3.2 Potentiodynamic test results for all 250 and 750 µm channel sized BPPs
PD corrosion test results acquired from blank and formed BPPs in both anodic (H2)
and cathodic (O2) conditions were illustrated in Figure 10. Variation bars in the graph were
based on three individual measurements for each condition. As summary of Figure 5.10,
corrosion current density mean values in cathodic environments were lower than anodic side
except the cases of stamped at 200kN-1mm s-1 and hydroformed at 20MPa-1MPa s-1 with 250
µm channel. Another observation from this graph points out that the samples produced via
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250 µm channel die had higher corrosion resistance than the samples shaped via 750 µm
channel die at each condition.
Secondly, current density vs potential graphs were plotted for each manufacturing
process in the atmosphere of H2 and O2 bubbles in Figure 5.11, Figure 5.12, respectively.
Finally, comparison was conducted between blank and formed samples in Figure 5.13. Next
subsections are dedicated process effect on the corrosion resistance.

Figure 5.10: Potentiodynamic test results for each group of blank and formed by two dies
BPPs with O2 and H2
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5.3.2.1. Stamped BPPs
PD test results for stamped bipolar plates with 250 µm channel and 750 µm channel
were discussed in Figure 5.11. As it was deduced from these graphs, BPPs exhibited higher
corrosion resistance at lower stamping forces when produced with both die features and
tested in cathode side while converse conclusion was monitored for the results obtained from
anode environment corrosion tests. Similar to previous test results of the researchers in the
field, the anodic (H2 purge) condition had an adverse impact on the BPPs in terms of the
corrosion behavior more than the cathodic (O2 purge) condition. It may be explicated with the
different influences of the purged gases` (hydrogen and oxygen) characteristics upon the
materials when the corrosion behavior is taken into consideration. The atmosphere with the
oxygen gas is more convenient to be passivated than the atmosphere with the hydrogen gas.
In other words, higher potential points out less corrosion susceptibility, thus, it can be said
that corrosion forms easier in the H2 atmosphere than in the O2 atmosphere at the free
corrosion potential [41].
In addition, 250-µm-channel stamped plates showed higher resistance against
corrosion than 750-µm-channel stamped plates in the cases of both anodic and cathodic
environment tests.
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Figure 5.11: Potentiodynamic test results for stamped BPP samples by two different dies
tested with a) O2 and b) H2

5.3.2.2 Hydroformed BPPs
Variation of corrosion current density with respect to corrosion potential for
hydroformed samples is presented in Figure 5.12. It evaluates the hydroformed samples for
both channel types and in anodic and cathodic environments, respectively. It was seen that
750-µm-channel hydroformed samples had higher corrosion density than that of 250-µmchannel hydroformed plates in both anodic and cathodic conditions. This is exactly same
behavior encountered in stamped samples as discussed above. Other important outcome is
that the lower pressure levels had the higher corrosion resistance for hydroformed plates for
both die features and in both simulated environments (H2 and O2).
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Figure 5.12: Potentiodynamic test results for hydroformed BPPs with two different dies
tested with a) O2 and b) H2 purge

5.3.2.3 Blank, Hydroformed and Stamped BPPs
Figure 5.13 was organized to compare the blank (unformed) samples with formed
(stamped and hydroformed) BPPs which both possessed two different geometries as flow
field channel. While Figure 5.13a illustrates the cathodic (O2) side results, Figure 5.13b
represents the anodic (H2) condition results for corrosion behavior of the BPPs. Plots
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demonstrated that blank samples showed slightly better corrosion resistance in cathodic
condition, as 5.68 µA cm-2, than in anodic condition (5.94 µA cm-2). Furthermore, among the
three geometries (blank, 250 µm, 750 µm), samples were listed according to their endurance
against corrosion as in descending order of 250-µm-channel, blank, 750-µm-channel. Only
the exception that violates this order was the hydroforming case at 40MPa-1MPa s-1 with
250-micron-channel sample that had worse corrosion resistance than the blank in the anodic
condition.
Since it was surprising that manufacturing the blank samples by the die set of 250micron-channel showed higher corrosion resistance in almost all cases, further investigation
was conducted on the samples. This investigation included the potentiostatic (PS) corrosion
test and the measurements of the BPP`s channel height. The Stylus profilometer was
employed to measure the channel heights (micro-channel profiles) of the samples. Average
channel height values of three measurements were presented in Table 5.2. According to these
results, increased stamping force and hydroforming pressure provided higher channel height,
as predicted. It was also observed that channel heights were quite away from the die channel
height values in all cases. Thus, it may be stated that higher stamping force and hydroforming
pressure should be preferred to form BPPs although the adverse effect was observed for most
from corrosion resistance point of view. In addition, it can be also considered that 750-µmchannel BPPs would be better selection for PEMFC stack. Detailed researches about channel
heights on BPPs were available in elsewhere [36, 43].
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Figure 5.13: Potentiodynamic test results for blank and formed BPPs with two different dies
tested with a) O2 and b) H2 gas purges.
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Table 5.2: Average channel height values of manufactured plates.
Die
channel
width and
height

Mean channel height
(µm) for Hydroformed
BPP at
20MPa-1MPa s-1

Mean channel height
(µm) for Hydroformed
BPP at
40MPa-1MPa s-1

Mean channel height
(µm) for Stamped
BPP at
100kN-1mm s-1

Mean channel height
(µm) for Stamped
BPP at
200kN-1mm s-1

250 µm

28

67

44

63

750 µm

127

203

259

298

5.3.3 Potentiostatic Test Results with O2 gas
In order to scrutinize PD test results, PS tests were carried out on the samples from all
cases by purging O2 gas. While PD test gives valuable information on corrosion behavior of
the materials in general, PS test offers more representative knowledge about corrosion
behavior of the materials by simulation the steady state operation condition in the fuel cell.
All polarization curves generated from PS tests were displayed in Figure 5.14. PS results
indicated that blank sample was the best among the samples. This was more reasonable
conclusion when the effect of manufacturing processes was taken into consideration.
Corrosion current densities were stabilized at certain values and the order from the lowest to
highest was as, blank, the group of 750-micron-channel samples, and the group of 250micron-channel samples. It can be seen in Figure 5.14 that oxidation time took longer for the
250-micron-channel sample group than the 750-micron-channel sample group. Therefore,
stabilization occurred earlier and the curves performed very close to each other for the 750micron-channel samples while stabilization levels were not only higher, but also separate
from each other for the 250-micron-channel samples by the first 5000 seconds. In contrast to
the PD test results, BPPs formed via 750-micron-channel die exhibited higher corrosion
resistance than BPPs formed via 250-micron-channel die in PS test results. Short term of the
potentiodynamic test could be the reason for this discrepancy. Probably, it could not display
the actual corrosion behavior of the 250-micron-channel samples even though they were
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more susceptible to the corrosion occurance. Lower corrosion resistance of the 250-micronchannel samples was probably due to the high number of the channels and residual stresses
from the manufacturing process. It is well known that the edges of the channels are more
prone to the corrosion forming as well. Additionally, corrosion resistance was dropped with
the decreased stamping force and hydroforming pressure.
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Figure 5.14: Potentiostatic test results for blank, and formed by two dies BPPs groups under
the O2 gas purge
5.4 ANOVA Tests
Roughness data and corrosion test results presented in previous sections were
analyzed in terms of the statistical significance for blank, 250 and 750-micron-channel BPPs.
Several ANOVA analyses were performed on Sa and PD tests (Icorr) data of BPPs for each
group. Data for each experimental group was constituted of at least three samples results. In
addition, specimens were compared by building the 95% confidence interval (CI) plots in
terms of their surface roughnesses and corrosion resistances. Since no certain corrosion
behavior trend was found between the before and after corrosion conditions, only the before
corrosion test roughness measurements were analyzed by ANOVA. ANOVA analyses were
alsp performed on the BPPs groups to determine whether the corrosion resistance was
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significant between blank and formed samples. For this investigation, only anodic condition
(H2) PD test data were utilized due to more severe corrosion degradation in this condition.

5.4.1 ANOVA Analyses on Before Corrosion Test-Roughness Data for Blank and
Formed BPPs
ANOVA tests were firstly conducted on complete Sa data of blank and formed via 250
and 750-micron-feature dies. Confidence interval plots for those were given in Figure 5.15.
This graph showed a significant difference with a p value of 0.000 among analyzed groups.
Upon revealing the important diversity between the analyzed groups, further analyses were
performed to get better understanding. These analyses implied that 250-micron-channel
samples had significantly different Sa values than that for 750-micron-channel regardless of
manufacturing type. Blank sample that possessed the lowest Sa value, however; was found to
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Figure 5.15: Interval plot for roughness data of blank, 250 and 750-micron-die feature BPPs
before corrosion test
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5.4.2. ANOVA Tests on PD Test Results for Blank and Formed BPPs in Anodic
Condition
Corrosion current density comparison between unformed and all formed BPPs
produced with 250 and 750-micron dies by means of ANOVA method was discussed in
previous section. Figure 5.16, on the other hand, shows the confidence interval of these
groups. The p value of 0.02 represented that corrosion behaviors were significantly different
Interval Plot
of 0-66, N10-6, N13-6, N22-8, N24-15, 10--11, ...
for abovementioned
groups.
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Figure 5.16: Interval plot for PD corrosion density data of blank, 250 and 750-micron diefeature BPPs
Based on these results, several further ANOVA analyses were carried out to reach a
detailed conclusion regarding corrosion effect of the die sizes on the BPPs. This further
ANOVA study pointed out that 250-micron-channel stamped BPPs were considerably more
resistant against corrosion than 750-micron-channel stamped counterparts (Figure 5.17). For
hydroforming case, nevertheless, the difference between 250 and 750-micron-channel BPPs
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was found as insignificant, oppositely (Figure 5.18). The statistical significance between
blank and the samples with 250-micron-channel, which have the lowest current density data,
was not available while significant difference between blank and the BPPs with 750-micronInterval Plot of N22-8, N24-15, 23--3, 24-21
channel was recorded.
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Figure 5.17: Interval plot for PD corrosion density data for 250 and 750-micron die-feature
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Figure 5.18: Interval plot for PD corrosion density data for 250 and 750-micron die-feature
hydroformed BPPs
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5.5 Summary and Conclusions
Corrosion is a significant issue for metallic bipolar plates (BPP) in Proton Exchange
Membrane Fuel Cell (PEMFC) systems. This study investigated the corrosion behavior of the
metallic BPPs with two different channel sizes. PD and PS corrosion tests were conducted
simulating both anodic and cathodic environments of PEMFC with bubbling hydrogen and
oxygen gases, respectively. Surface roughness and microscopic examinations were performed
on the surfaces both before and after corrosion test cases. ANOVA tests were employed to
reveal the statistical significance of the corrosion and surface measurements data.
Results indicated that manufacturing conditions (type of process, process conditions,
channel size) altered the corrosion characteristic of the metallic BPP. Although the 250-umchannel samples exhibited significantly better corrosion resistance than the 750-um-channel
samples for stamping case during potentiodynamic tests, opposite trend was monitored in the
potentiostatic test curves. For hydroformed BPPs, however, there was no significant
difference between 250 and 750-um-channel samples. Channel heights of formed plates were
also measured to observe the effect of channel size, manufacturing force and pressure on
BPPs. Besides, according to the PS test results, blank sample displayed superior corrosion
resistance among all, and it was followed by the group of 750-um-channel BPPs. In addition,
samples provided enhanced corrosion resistance with the increased stamping force and
hydroforming pressure, in general.
In surface roughness investigation, it was concluded that no relation could be
expressed between the surface roughness value and the corrosion current density. Surface
quality of 750-um-channel BPPs was observed to be better than the surface of 250-umchannel BPPs upon visual inspections. As a general remark, as shown in Figure 5.10, none of
the BPP samples met the DOE corrosion resistance targets.
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CHAPTER 6
Experimental Investigations on the Corrosion Resistance Characteristics of
Coated and Manufactured Metallic BPP for PEMFC

Bipolar plates (BPPs) made of stainless steels preferred in PEM Fuel Cell (PEMFC)
applications due to their high electrical conductivity, low material and production costs, low
weight and mechanical strength. However, their corrosion resistances are not at desired levels
for real PEMFC working conditions. To overcome this issue, different coating types are
suggested. In this study, corrosion resistance behavior of 51µm-thick SS316L metallic
bipolar plates that were coated with the three different PVD coatings (TiN, CrN, and ZrN) at
three thicknesses (0.1µm, 0.5µm, and 1µm), and then were formed with two different
manufacturing processes (stamping and hydroforming) investigated. Potentiodynamic and
potentiostatic corrosion experiments were performed on the coated-formed SS316L plates,
and coated-unformed blanks. Corrosion test results indicate that 1µm ZrN coating
demonstrated the highest corrosion resistance among the tested cases regardless of the
manufacturing process employed. Moreover, hydroformed bipolar plates exhibited higher
corrosion resistance than the stamped BPPs, but lower than the blank samples. Hardness
measurements were also performed on the coated samples and resulted in higher corrosion
resistance for harder surfaces.

6.1. Introduction
BPPs can be manufactured mainly from three-substrate materials; metallic, graphite,
and composite. Among these, metallic bipolar plates, especially stainless steel, stand forward
because of its superior features such as high conductivity, relatively better corrosion
resistance as compared to other metallic alloys, low material and production costs, high
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strength, and low-weight with the smaller gauge use compared to other materials [1,2]. It is
well known that stainless steels, especially austenitic stainless steel, which holds an addition
of nickel (Ni) to iron-chromium, exhibit higher performance in terms of the corrosion
resistance [3]. Several early studies also noted the suitability of SS316L as a substrate
material for PEMFC application [4-10].
Studies showed that coating of metallic bipolar plates is required to overcome these
problems, effectively [11, 12]. Department of Energy`s (DOE) target for corrosion density
was set as smaller than 1µAcm-2 in anodic and cathodic conditions by 2015 [13-18]. Various
coating technologies including nitriding, chemical vapor deposition (CVD), electroplating,
physical vapor deposition (PVD), chromizing have been tested on metallic materials by
researchers [19, 20]. Among them, PVD method is widely used to coat metallic materials
against corrosion [4, 21-23]. Carbon-based like-graphite and conductive polymers or metalbased coatings such as metal nitrides and metal carbides are commonly preferred to realize
DOE target [13]. TiN is one of the coating materials that have been widely used in metallic
BPP studies due to its high corrosion resistance [4, 15]. Ho et al. reported CrN as another
potential coating material for metallic BPP which bears better corrosion resistance than TiN
[24]. Many other investigations reported successful applications of TiN and CrN coatings on
metallic substrates [25-28]. Yoon et al. also reported that ZrN coating had promising
corrosion behavior results [16]. On the other hand, coating thickness was found to
significantly influence the corrosion resistance and the overall cost [15].
From manufacturing point of view, there are several methods to form metallic sheets
into the BPPs with several hundred meters, if not kilometers, of micro-channel flow fields.
These include, but not limited to, hydroforming, machining, electroforming, die-casting, and
stamping [29]. Stamping and hydroforming are considered as suitable manufacturing
methods for mass production due to their high production rate capabilities with low cost per
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piece. Particularly, stamping offers inexpensive and faster process compared to
hydroforming, which yields good surface topology, uniform thickness distribution and
precise part dimensions. Formation of micro-channels on bipolar plates is essential to form
flow fields for equally, rapid and efficient distribution of gases. Nevertheless, manufacturing
of micro-channels was shown to affect the surface and dimensional properties of BPP, hence
affecting the corrosion and/or contact resistance behavior of BPP during fuel cell operation
[30, 31].
Implementation of the coating before or after bipolar plate manufacturing would also
result in performance differences due to the integral effect of surface conditioning and
manufacturing on surface topography. Studies in the literature investigated various coatings
for stainless steel blanks, however; combined effects of manufacturing, coating material, and
coating thickness for BPP corrosion behavior were not covered in those [19-22, 24-28, 32].
This study aims to disclose the effects of three different coating materials at three different
thickness levels as well as two manufacturing processes on the corrosion resistance of
metallic bipolar plates. The next section describes the experimental conditions and
methodology followed. The results of corrosion resistance tests are presented and discussed
in detail in section 6.3 whereas a summary of findings and conclusions are presented in
section 6.4.

6.2. Experimental Methodology and Conditions
For the experimental study, bipolar plates made of (a) one substrate material
(SS316L), (b) three different coating materials (titanium nitride TiN, chromium nitride - CrN,
and zirconium nitride - ZrN) with (c) three different thicknesses (0.1, 0.5 and 1µm), (d) two
different manufacturing processes (hydroforming and stamping), were employed. They were
then tested using (1) two different corrosion test methods (potentiodynamic - PD and
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potentiostatic - PS), under (2) two different test conditions (anodic - H2 and cathodic - O2).
Blank and uncoated samples were included in the experimentation, as well.
Chemical composition of SS316L substrate material used in current study is given in
Table 6.1. Three samples were subjected to potentiodynamic corrosion tests for each case to
exclude any possible variation or bias in the experiments. The quantity of the samples tested
in PD and PS corrosion tests with O2 or H2 gas are presented in the Table 6.2. Formed and
unformed SS316L plates were coated by physical vapor deposition method (PVD) by Tanury
Industries (Tanury Industries Co., Lincoln, RI). At least, one sample from each coating group
was experimented in PS corrosion tests. For PD test, only O2 gas was purged since the
corrosion effects on the coated BPP were observed to be more severe in the cathodic
condition than anodic condition [26, 33, 34]. However, for the PS tests, both H2 and O2 gases
were purged into the corrosion cell to obtain a detailed comparison as well as to simulate
anodic and cathodic conditions in PEMFC.
Table 6.1: Chemical composition of SS316L (by Browns Metals Company, Rancho
Cucamonga, CA, USA)
C

Mn

P

S

Si

Cr

Ni

0.021

1.48

0.033

0.001

0.43

16.20

10.03

Mo
2.06

Cu

N

Fe

0.43

0.04

Bal

6.2.1. Manufacturing of the BPPs
Metallic bipolar plates (BPPs) were manufactured by stamping and hydroforming
methods using the 51µm-thick SS316L sheet blanks. Based on the findings from previous
studies [9, 10, 30, 35], two pre-determined production parameters (for stamping; force of
200kN and stamping punch speed of 1mm.s-1, and for hydroforming; maximum forming
pressure of 40MPa, and pressure rate of 1MPa.s-1) were selected for forming of SS 316L
bipolar plates with micro-channeled flow fields. While a plate size of 70x70mm was used in
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stamping process, a plate size of 150x150mm2 was required for the hydroforming process in
order to obtain the channels in an active nominal area of 40x40mm. Detailed information
about the forming processes employed is available in previous chapters as well as previous
publications [10, 30, 35].
Table 6.2: Description of experimental cases and samples in PD and PS corrosion tests
Process

Coating Type

TiN

Unformed
(Blank)

CrN

ZrN
Uncoated
TiN

Formed with
Hydroforming

CrN

ZrN
Uncoated

0.1 µm
0.5 µm
1 µm
0.1 µm
0.5 µm
1 µm
0.1 µm
0.5 µm
1 µm
0.1 µm

# of tested samples
in PD corrosion tests
O2 purge
3
33
3
3
3
3
3
3
3
3
3
3

0.5 µm

3

1 µm
0.1 µm
0.5 µm
1 µm
0.1 µm
0.5 µm
1 µm

3
3
3
3
3
3
3

1

-

3

1

Coating
Thickness

0.1 µm
TiN
0.5 µm
1 µm
0.1 µm
CrN
0.5 µm
Formed with
Stamping
1 µm
0.1 µm
ZrN
0.5 µm
1 µm
Uncoated
Total Number of the tested samples

3
3
3
3
3
3
3
3
3
3
90
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# of tested samples in
PS corrosion tests
O2 purge
H2 purge
1
1
31
1
3
1
1
3
1
1
3
1

1
1
1
1
1
1
1
1

1

1

1

1

1
1
24

10

	
  

6.2.2. PVD Coating of BPP
Application of PVD coating on manufactured BPPs and unformed blanks was
outsourced to Tanury Industries (Tanury Industries Co., Lincoln, RI). Coating conditions are
presented in Table 6.3, while properties of TiN, CrN, and ZrN coatings at Tanury Company
are given in the Appendix A, B, C, respectively [36]. Detailed information about the coating
process can be found in another study by Yoon et al. [16]. Examples of the coated specimens
are shown in Figure 6.1.
PVD is basically a vaporization coating method (the transfer of material on an atomic
level) that includes four phases; evaporation, transportation, reaction, and deposition. It is
used as an alternative of the electroplating in order to improve the oxidation resistance of the
materials. During PVD TiN coating process, pre-heated substrate samples placed into the
chamber, which has a high vacuum atmosphere. Ionized nitrogen and argon are purged into
the chamber. Evaporation and ionization of titanium is performed to produce plasma, and
applied voltage to the substrates accelerates the ions in the plasma. Combination of the
titanium and nitrogen on the surface of the material substrate gives a dense, and hard coating
of TiN [37].
TiN and CrN are the most commonly applied coating materials in metallic BPP
studies due to their high corrosion resistances. ZrN is also reported as corrosion resistance
material. ZrN is a hardwear-resistance coating material that has high hardness and high
corrosion resistance. There are not lots of studies regarding ZrN coating since its higher
melting point and lower vapor pressure makes it difficult to deposit via PVD method. TiN
can be deposited on a material easier than TiN. However, ZrN coating by PVD technic is
found to be adequate in terms of the corrosion protection [4, 15, 16, 23-28].
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Table 6.3: Coating conditions (by Tanury Industries Inc., Lincoln, RI)
Run
Thickness
Coating
#
(µm)

Temp. Deposition
(oC) Time(min)

Deposition
Current(A)

Bias
Sccm* Sccm* Pressure
Voltage(V) Nitrogen Argon (m Torr)

1

TiN

0.1

60

6

450

75

500

800

5

2

TiN

0.5

60

38

450

75

500

800

5

3

TiN

1

60

75

450

75

500

800

5

4

CrN

0.1

60

2

450

75

500

800

5

5

CrN

0.5

60

4

450

75

500

800

5

6

CrN

1

60

8

450

75

500

800

5

7

ZrN

0.1

60

2

450

75

500

800

5

8

ZrN

0.5

60

8

450

75

500

800

5

16

450

75

500

800

5

9
ZrN
1
60
*Standard cubic centimeters per minute

ZrN 1µm Blank

ZrN 1µm Stamped

CrN 1µm Stamped

TiN 1µm Stamped

40mm
40mm
70mm

	
  

Figure 6.1: Samples with different coating
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6.2.3. Electrochemical Corrosion Tests of BPPs
Potentiodynamic (PD) and Potentiostatic (PS) electrochemical corrosion tests are the
most widely used two test methods in corrosion resistance studies [38-42]. Both these two
methods were utilized to reveal the effect of manufacturing processes, coating materials, and
coating thicknesses on the non-deformed (blank) and deformed (stamped and hydroformed)
SS316L plates.
Custom made corrosion cell consisting of a working electrode (BPP sample), a
graphite counter electrode, an Ag/AgCl reference electrode, and a gas bubbler at the bottom
was used for corrosion tests. In order to simulate the PEMFC environment, 0.5M H2SO4
solution was preferred as the working electrolyte in the corrosion cell which was placed in an
electrical furnace heated to 80°C. Before tests, uncoated samples were cleaned in an
ultrasonic bath for 30 minutes. BPP specimens were taped with the Teflon excluding the
nominal channeled area (40x40mm), and thus, only the active area of the BPP was exposed to
the acidic solution. It was verified that neither sign of acid diffusion nor residue was available
on the taped region when the Teflon tape was uncovered from the BPP after corrosion tests
(Figure 6.2). Oxide layer formation and residues that occurred during the polarization test can
be seen on the 40x40mm2 active nominal area of specimens.

a)

b)

c)

Figure 6.2: Some of the corrosion test samples a) 1µm-thick-TiN coated stamped, b) 1µmthick-CrN coated blank with the Teflon tape cover, and c) 0.5µm-thick-TiN coated blank
after the corrosion test
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The potential was applied in between the range from -1.2 to 0.8V at a rate of 1 mV s
during the PD corrosion tests with O2 purge. After PD test, corrosion current density (I

−1

corr

)

was calculated for each sample by Tafel analysis method. During the 3 hours long PS
corrosion tests, on the other hand, the potential was constant at 0.6V for O2 purged tests and
at -0.1V for H2 purged tests. All of the potentials were given with respect to the reference
electrode. More information about corrosion test process can be found in the earlier studies
[10, 30].

6.2.4. Hardness Measurements of BPPs
In order to divulge a possible relationship between coating parameters (thickness and
coating material) and corrosion current of the coated samples, hardness values of specimens
from each coating group and uncoated blank samples were measured. Ten separate
measurements were taken from the surface of the each sample. Micro-Vickers type of
hardness tester (Duramin 4, Struers Co, Cleveland, OH) was used for these measurements
(Load: 1 kg.f: HV1, load application time: 10 s).

6.3. Results and Discussion
6.3.1 Potentiodynamic (PD) Corrosion Test Results
All the results obtained from the PD corrosion tests for coated-uncoated blanks,
hydroformed, and stamped samples with O2 gas purge are presented in Figure 6.3. Higher
corrosion resistance is represented with a lower corrosion current density [43]. Based on this
relation, it can clearly be seen from Figure 6.3 that all the ZrN coated samples yielded
relatively higher corrosion resistance by meeting DOE target except the case of 0.1µm-thickcoated samples. It can be inferred from the results that corrosion resistance of specimens
increases with the coating thickness regardless of coating type. Besides, blank samples
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showed better corrosion resistance than the formed samples when each coating group is
reviewed individually. This observation profoundly revealed the effect of manufacturing on
the corrosion resistance behavior of metallic bipolar plates. The results also pointed out the
necessity of testing of manufactured real bipolar plates instead of blanks samples for reliable
corrosion resistance characterization.
Another significant finding was that TiN coated samples had the lowest corrosion
resistance. Some of the TiN coated samples even surprisingly possessed higher corrosion
current densities than uncoated samples, resulting in need for further investigation. Although
CrN coating was observed to improve the corrosion resistance of the samples, only ZrN
coated samples satisfied the DOE target levels according to PD corrosion test results
obtained. To scrutinize the results, corrosion current density data was analyzed in terms of the
effect of coating material, coating thickness and manufacturing process in next sub-sections.
200
180
160
140
120

Potential (mV)

100

DOE Target < 1µA cm-2

80
60
40
20
0
-20
-40
0.0

0.1

1.0

Current Density (µA cm-2)

10.0

Blank - TiN 0.1µm
Blank - TiN 0.5µm
Blank - TiN 1µm
Blank - CrN 0.1µm
Blank - CrN 0.5µm
Blank - CrN 1µm
Blank - ZrN 0.1µm
Blank - ZrN 0.5µm
Blank - ZrN 1µm
Hydroformed - TiN 0.1µm
Hydroformed - TiN 0.5µm
Hydroformed - TiN 1µm
Hydroformed - CrN 0.1µm
Hydroformed - CrN 0.5µm
Hydroformed - CrN 1µm
Hydroformed - ZrN 0.1µm
Hydroformed - ZrN 0.5µm
Hydroformed - ZrN 1µm
Stamped - TiN 0.1µm
Stamped - TiN 0.5µm
Stamped - TiN 1µm
Stamped - CrN 0.1µm
Stamped - CrN 0.5µm
Stamped - CrN 1µm
Stamped - ZrN 0.1µm
Stamped - ZrN 0.5µm
Stamped - ZrN 1µm
Blank - uncoated
Stamped - uncoated
Hydroformed - uncoated
100.0

	
  

	
  Figure 6.3: PD corrosion test results for all samples tested with O2 gas purge
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6.3.1.1. PD corrosion test results for Unformed, Hydroformed, and Stamped Samples 	
  
In order to determine the best coating material for each manufacturing process,
separate graphs were constituted. Among the blank samples, as shown in Figure 6.4, ZrN
coated sample had the highest corrosion resistance, and was followed by CrN coated sample.
TiN coated samples demonstrated the lowest corrosion resistance among the blank samples.
It was also noticed from this figure that coating thickness has direct impact on the corrosion
resistance. The thicker coating showed the higher corrosion resistance.
Both hydroformed and stamped samples (Figures 6.5-6.6) exhibited similar trends in
terms of the corrosion behavior when the effects of coating materials and thicknesses are
considered. TiN coated hydroformed group which violated this trend was the only exception
since the sample coated with 0.5µm coating thickness had higher corrosion current density
than of 0.1µm coated sample. As an overall evaluation, 1µm-thick-coated samples displayed
the best corrosion resistance for each coating type when the thicknesses are considered,
200

TiN 0.1µm
TiN 0.5µm
TiN

160

1µm

CrN 0.1µm
CrN 0.5µm

Potential (mV)

120

CrN 1µm
DOE Target < 1µA cm-2

ZrN 0.1µm
ZrN 0.5µm

80

ZrN 1µm
Uncoated
40

0

-40
0.0

0.1

1.0

Current Density (µA cm-2)

10.0

Figure 6.4: PD corrosion test results for uncoated / coated blank samples tested with O2 gas
purge
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TiN 0.1µm
TiN 0.5µm
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Figure 6.5: PD corrosion test results for hydroformed samples tested with O2 gas purge
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  Figure 6.6: PD corrosion test results for stamped samples tested with O2 gas purge
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6.3.1.2. Comparison of 1µm-thick-coated Blank, Hydroformed, and Stamped samples
In this section, samples were compared in terms of the manufacturing methods. Only
the specimens with 1 µm-thick-coating were used for comparison since those were shown as
the best performers in terms of corrosion resistance as explained in the previous section.
Figure 6.7 depicts that coated blank samples had higher corrosion resistance compared to
formed samples in each coating group. This can be explained by the surface roughness
changes of the samples during their forming. In a previous study, surface topography changes
were correlated with corrosion resistance of the investigated surfaces [35]. Effect of
manufacturing conditions on the corrosion resistance of SS304 was discussed in the chapter 3
as well as in the publication [30]. When these findings were assessed together, it was found
that surface roughness increase lead to decreased corrosion resistance in the investigated
surface roughness range. The average of surface roughness values measured by Veeco NT
1100 optical profilometer (Veeco Instrument Inc., Tucson, AZ) for the 1µm-thick-ZrN coated
blank, hydroformed and stamped specimens are given in Table 6.4. Coated blank samples
attained lower surface roughness values compared to formed samples.
In addition, performance of coated blank samples was followed by hydroformed and
then by stamped samples, in most cases. Nevertheless, stamped specimens yielded lower
corrosion current densities than that of hydroformed specimens for TiN coated samples only.
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Figure 6.7:	
  PD corrosion test results for Blank, Hydroformed, and Stamped 1µm-thickcoated samples tested with O2 gas purge

Table 6.4: Surface roughness values (Ra) for 1µm-thick-ZrN coated specimens

Ra(µm)

Blank

Hydroformed

Stamped

0.172

2.39

3.51

6.3.2. Potentiostatic (PS) corrosion test results
Several potentiostatic corrosion tests were performed on coated bipolar plates and
blanks. At first, 1µm-thick-coated blank samples were subjected to three-hour-PS corrosion
tests with O2 gas purge. Three samples were tested from each coated group to ensure
repeatability and reliability of the tests.

Results, as presented in Figure 6.8, showed
143	
  

	
  

	
  

polarization curves were very close to each other for the repeated tests. Therefore, only one
sample from each remaining set was tested in PS corrosion tests. Curves were plotted up to
5000 seconds (~ 83 mins) since the stabilization took place by then.
As illustrated in Figure 6.8, 1µm-thick CrN coated specimens showed the lowest
stabilization current density values in PS corrosion tests while ZrN coated specimens were
the best according to the PD corrosion test results. 1µm-thick coated samples were classified
from the highest to lower corrosion resistance as in the order of CrN, ZrN, uncoated, and TiN
from the PS corrosion test results with O2 purge. Stabilization levels of ZrN and CrN coatings
were found to be close to each other, and both meeting the DOE target. Therefore, both
coating type can be considered as promising coating materials. Similar to the PD corrosion
test results, TiN coated samples were found to be the least corrosion resistant among the
tested coatings, even has lower corrosion resistance than that of uncoated samples in PS
corrosion tests. In the next sections, PS corrosion test results were examined in order to
analyze the effect of coating thickness and material for the both anodic and cathodic
conditions on the blank sample corrosion behavior. In addition, the effect of manufacturing
processes on the coated BPPs will be discussed in next sections.
At first, 1µm-thick-coated unformed blank samples, which performed the best
corrosion characteristic based on the PD test results, were subjected to three-hour-PS
experiment with O2 gas. Three replications were tested from each coated group to ensure
repeatability and reliability of the tests. Results as presented in Figure 6.8 indicates that
polarization curves were very close to each other for the repeated tests; therefore, only one
sample from each remaining set was put into trial PS corrosion tests. Curves were plotted up
to 5000 seconds to show the stabilization took place by then. As illustrated in Figure 6.8,
1µm-thick CrN coated specimens showed the lowest stabilization current density values
among them in PS tests while ZrN coated specimens were the best according to the PD test
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results. 1µm-thick coating types were classified from the highest corrosion resistance to
lower corrosion resistance in the order of CrN, ZrN, uncoated, and TiN from the PS test
results with O2 purge. Stabilization levels of ZrN and CrN coatings were close to each other,
and both met the DOE target. Therefore, both coating type can be considered as promising
coating materials. Similar to the PD test results, TiN coated samples were found to be worst
performer, even lower corrosion resistance than the uncoated samples in PS tests. In the next
sections, PS test results were scrutinized in order to analyze the effect of coating thickness
and material for the both anodic and cathodic conditions on the unformed sample corrosion
behavior. In addition, the effect of manufacturing processes on the coated BPPs was reported
in next sections.
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Figure 6.8:	
  PS corrosion test results for uncoated and 1µm-thick-coated blank samples tested
with O2 gas purge	
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6.3.2.1. Effects of coating thickness for blank samples with O2 Purge
Figure 6.9 shows the potentiostatic corrosion test results obtained with O2 purge for
all coating type and thicknesses for the blank samples. It was concluded that increasing
coating thickness generally resulted in improved corrosion behavior in each coating group.
Only exception was the 0.5µm CrN coated sample that it had lower corrosion current (higher
corrosion resistant) than 1µm CrN coated sample. Besides, corrosion resistance ranking of
the tested coating types as well as uncoated blank was in the same order at each thickness
level as; CrN > ZrN > uncoated > TiN.
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Figure 6.9: PS corrosion test results for uncoated and all coated blank samples tested with O2
gas purge	
  

6.3.2.2. Effects of coating type and thickness on blank samples with H2 Purge
All PS corrosion test results in anodic (H2) condition were summarized in the Figure
6.10. PS corrosion test results with H2 gas exposed the ZrN coating as the best coating
material, and it is followed by CrN conforming with the results obtained from the PD
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corrosion tests. In order to distinguish the effect of coating thickness on corrosion resistance
of blanks, specimens with the lowest corrosion current from each group were taken as
reference and their performances were plotted as illustrated in Figure 6.11. The descending
order of corrosion resistance is found as 1µm-thick-ZrN, 0.5µm-thick-CrN, and 0.1µm-thickTiN. Uncoated samples, on the other hand, performed the least in terms of the corrosion
resistance.
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Figure 6.10: PS corrosion test results for uncoated and all coated blank samples tested
with
gaspurge
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Figure 6.11: PS corrosion test results for uncoated and the best-thick-coated blank samples
tested with H2 gas purge
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6.3.2.3. Effects of manufacturing methods on the coated samples with O2 Purge
Only the samples with 1µm-thick-coating were compared in order to disclose the
effects of manufacturing methods on the BPP corrosion resistance since the thickest coating
materials displayed the best corrosion resistance in both PD and PS corrosion tests. When
each coated sample group, and uncoated samples are reviewed individually, same corrosion
resistance pattern was observed. The blank samples showed the lowest corrosion current that
was followed by hydroformed, and stamped samples, respectively as depicted in Figure 6.12.
It should be noted that there was only slight improvement for hydroformed samples when
compared to stamped samples. For example, the current density values of 0.58 µA/cm2 and
0.54 µA/cm2 were registered for hydroformed samples (ZrN, 1µm coating thickness) at 4000,
and 5000 seconds, respectively. For the stamped samples, on the other hand, current density
values of 0.59 µA/cm2 and 0.57 µA/cm2 were recorded for the same conditions.
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Figure 6.12: Comparison of PS corrosion test results for uncoated and 1µm-thick-coated
blank, hydroformed and stamped samples tested with O2 gas purge
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6.3.3. Hardness measurements and their comparison with corrosion current densities
Hardness values were obtained by calculating the mean of 10 different micro-hardness
measurements for each specimen as given in Table 6.5. These hardness data were then
compared with the corrosion current data obtained from the PD corrosion tests for blank
coated and uncoated samples in Figure 6.13. From the hardness measurements, a certain trend
(thicker coating has higher hardness value) was obtained except the one case among CrN
coated blanks. It was seen that samples with 0.5 and 1 micron coating thickness had higher
hardness values and corrosion resistance than the samples with 0.1 micron-thick-coating. As
a result, harder samples displayed higher corrosion resistance when each coating group was
evaluated individually.

Table 6.5: Mean hardness values for blank sheet samples
TiN

CrN

ZrN

Uncoated

Coating
Thickness

0.1 m

0.5 m

1m

0.1 m

0.5 m

1m

0.1 m

0.5 m

1m

N/A

Microhardness
(HV)

126

127

129

120

125

124

124

125

127

125
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Potentiodynamic Results for Blank Samples w/ O2
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Figure 6.13: Hardness measurements and comparison with corrosion current densities of
uncoated and coated blank samples

6.4. Conclusions
The effects of three different PVD coatings (TiN, CrN and ZrN) at three different
thicknesses (0.1µm, 0.5µm and 1µm), and two manufacturing processes (stamping and
hydroforming) on the SS316L bipolar plate corrosion properties were investigated. ZrN
coated samples, particularly 1µm-thick ZrN coated ones, exhibited relatively higher corrosion
resistance meeting the DOE target levels. Coated-hydroformed BPPs demonstrated higher
corrosion resistance than the coated-stamped BPPs while coated blanks (unformed) had the
highest corrosion resistance regardless of coating type and thickness. It was concluded that
the coating application on bipolar plates improved corrosion resistant significantly, and
coating thickness has a considerable impact on the corrosion resistance.
Another significant outcome from the corrosion tests was that the TiN coated samples
had the lowest corrosion resistance; even some of them surprisingly possessed higher
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corrosion current densities (lower corrosion resistance) than the uncoated samples. Among
the coated blank samples corrosion resistance order was found to be ZrN > CrN > TiN.
Trends from the hardness measurements showed that the increasing coating thickness yielded
higher hardness values, as expected, which in turn, resulted in increased corrosion resistance
level.
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CHAPTER 7
Effect of Manufacturing Process Sequence on the Corrosion Resistance
Characteristics of Coated Metallic Bipolar Plates

Metallic bipolar plates (BPPs) are important components of the PEMFC.
Requirements include high corrosion resistance, low contact resistance, durability, strength,
low cost, low volume and low weight [1]. Several coatings have been proposed and
investigated in order to improve corrosion resistance as reported in the literature. Application
of coatings can be performed in two different sequences: coating (a) before or (b) after
manufacturing of BPPs. This part of study focuses on the process sequence effect on the
corrosion resistance of metallic bipolar plates. Three PVD coatings, namely titanium nitride
(TiN), chromium nitride (CrN), zirconium nitride (ZrN), at three coating thicknesses, (0.1,
0.5, 1µm) were applied on BPPs before or after manufacturing (i.e., stamping or
hydroforming). Results indicated that ZrN coating showed the best corrosion protection while
TiN was the lowest among the tested coatings. Moreover, thicker coatings were found to
increase the corrosion resistance. For most cases, in which coating was applied before
manufacturing, corrosion formation was easier than the case where coating was applied after
manufacturing. Also, results yielded that hydroformed BPPs were slightly better than
stamped BPPs in terms of the corrosion behavior.
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7.1 Introduction
Stainless steel BPPs have relatively better corrosion resistance than other metallic
alloys and low material and production costs [2-4, 5, 6]. Among stainless steel, SS316L was
mostly examined as BPP in literature [7-10]. BPP can be manufactured by several methods
such as, machining and stamping [11]. It should be considered that manufacturing process
may affect the surface and dimensional properties of BPP resulting in lowered corrosion
resistance [1, 12].
Surface treatments such as coating are inevitable to improve the corrosion resistance
of metallic BPPs and the physical vapor deposition (PVD) method is mostly preferred for
coating of metallic materials against corrosion [13, 14-16]. There are two different sequences
in manufacturing of coated of BPPs; 1) coating is applied on the blank sheet material, and
then it is formed into the BPP (with micro-channels for flow field), 2) BPP is formed first,
and then coated. It is assumed that the process sequence affects the BPP corrosion
performance since surface conditions, thus manufacturing, have influence on corrosion
resistance characteristics. However, if the coating aplication on the samples are performed
before manufacturing process, it provides several advantages. Precoating the material
develops the product quality, reduces production costs, and makes the processing cycle
shorter. It also eliminates the production hazard and save energy [17].
Although there are numerous studies in the literature regarding with different coating
materials for stainless steels, majority of those did not include the effect of manufacturing
and the process sequence in their researches [14, 15, 18-23]. This section, therefore, is
dedicated to the experimental investigations of the process sequence effect on the corrosion
resistance of metallic BPPs manufactured through stamping and hydroforming as
manufacturing techniques.
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Previous chapter examined the corrosion resistance of metallic BPPs that were coated
after manufacturing [24]. This part of research aimed for revealing the corrosion resistance
performance of coated BPPs produced with two different manufacturing methods and two
different process sequences. As surface treatments, three different PVD coatings at three
different thicknesses were experimented. Subsequent sections will present the experimental
conditions, corrosion resistance test results, and conclusions.

7.2 Experimental Procedure
Two manufacturing methods, namely hydroforming and stamping, were used to
produce metallic BPPs. SS 316L sheet blanks with 51 µm thickness were used as BPP
substrate material. Titanium Nitride (TiN), Chromium Nitride (CrN), Zirconium Nitride
(ZrN), at three different thicknesses (0.1, 0.5, 1µm) were selected as surface treatments. Two
different process sequences were followed: 1) Sheet blanks were formed to BPPs first, and
then coated, 2) Sheet blanks were coated, and then formed. Those two manufacturing-coating
sequences will be referred as (1) formed-coated and (2) coated-formed in the rest of this
chapter. In some figures, first coated and then formed samples were denoted with the letter C
(i.e. C-hydroformed instead of coated-hydroformed) as well. Figure 7.1 shows coated BPP
images before and after manufacturing.
Coating process for sheet blanks and formed BPPs were performed by Tanury
Industries (Tanury Industries Co., Lincoln, RI, USA). The properties of PVD coating process
were summarized in the previous chapter. Detailed information regarding with PVD coating
application is available elsewhere [25].
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CrN-1µm - BLANK

CrN-1µm - HYDROFORMED

40mm

40mm
70mm

Figure7.1: Coated blank and coated-hydroformed samples

Upon completing manufacturing process for BPPs, those were exposed to
potentiodynamic (PD) and potentiostatic (PS) corrosion tests. During the corrosion tests, O2
gas was bubbled into the corrosion test cell to simulate the cathodic environment of the
PEMFC systems. O2 was the only purged gas since the corrosion formation in cathodic
condition is known faster and more severe than that of the anodic condition [26-28]. Blank
samples (coated and uncoated) were also included in corrosion tests for comparison purposes.
Extensive scanning electron microscopy investigations were performed on the micro-channel
peaks of the BPPs before and after PS corrosion tests using JSM-5610LV SEM (JEOL Ltd.,
Tokyo, Japan). EDX analyses were also performed on some coated samples to determine the
chemical properties of the surface using ultra high-resolution scanning electron microscope,
Hitachi FE-SEM Su-70 (Hitachi, Ltd., Japan). Statistical analyses were applied by means of
ANOVA (analysis of variance) technique on the PD corrosion test results to reveal the
significance of process variables.
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7.2.1 Manufacturing of the BPPs
Stamping and hydroforming processes were implemented for manufacturing of BPPs
with several micro-channels. Hydroforming is noted for better formability and channel height
as well as decreased tool cost by using only one die and the uniform thickness distribution
[29-32]. Stamping process, on the other hand, provides faster cycle time; thus, appropriate for
mass production [30, 33]. Forming equipment used for both hydroforming and stamping
processes were given in Figure 7.2.a-b.
Based on previos experience [12, 34-36], force level of 200kN, and punch speed of
1mm s-1 in stamping; maximum pressure of 40MPa, and pressure rate of 1MPa s-1 in
hydroforming were chosen as manufacturing parameters to fabricate metallic BPPs with
micro-channeled flow fields.

a)
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b)
Figure 7.2: Manufacturing test setups: a) 1-stamping setup, 2-coated blank sample, 3stamped sample, b) 1-hydroforming setup, 2-coated blank sample, 3-hydroformed sample.

7.2.2. Corrosion Tests of BPPs
Manufactured BPPs were exposed to corrosive environment to assess their corrosion
resistance. Two commonly referred electrochemical corrosion test methods in literature [18,
37-40], namely potentiodynamic (PD) and potentiostatic (PS) tests, were facilitated in this
investigation. At least three samples from each case were tested in PD conditions, whereas
only one sample was used in long-term PS tests due to prolonged test durations. Corrosion
test setup consisted of a working electrode (BPP sample), a graphite counter electrode, an
Ag/AgCl reference electrode, acid tank and a gas bubbler at the bottom of the tank. Acidic
solution providing the PEMFC atmosphere was the 0.5M H2SO4 (sulfuric acid). Corrosion
cell was placed into a furnace and heated up to 80°C to simulate the working temperature of
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PEMFC. Before corrosion test, uncoated samples were cleaned in an ultrasonic acetone bath
for 30 minutes while coated samples were exposed to this process for shorter duration to
prevent the unexpected effects of ultrasonic bath and acetone. BPP surface was selectively
protected by leaving only the nominal channeled area (40x40mm) to the corrosion exposure.
In PD corrosion tests, the potential range of -1.2 to 0.8V at a rate of 1 mV s

−1

was

used. Polarization curves were transformed to the corrosion current density (Icorr) data by
Tafel analysis method. PS corrosion tests, on the other hand, were performed at a constant
potential of 0.6V with the O2 purge for 3 hours. Both corrosion tests were managed via
Solartron 1287 Electrochemical Interface potentiostat device (Solartron analytical, Oak
Ridge, TN).
Corrosion current density values (Icorr) were used to evaluate the corrosion behavior of
the manufactured metallic BPPs. Lower corrosion current density represents the higher
corrosion resistance [41]. Detailed information on corrosion test procedure is available in
earlier chapters [12, 35].

7.3. Results and Discussion
7.3.1 Potentiodynamic Test Results
Results of PD corrosion experiments in cathodic environment (with O2 gas purge) for
all uncoated & coated blank and uncoated & coated (formed-coated) stamped & hydroformed
samples were reported in previous chapter [27]. Figure 7.3 illustrates PD corrosion test
results with O2 gas for all uncoated coated blank and formed samples that were coated prior
to manufacturing (coated-formed). Besides, the mean of corrosion current densities for each
coating group, which includes two different manufacturing and coating sequence, was
summarized in Table 7.1.
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Table 7.1: Corrosion current density (mean) data for formed-coated and coated-formed BPPs

Process - Coating Thickness (µm)

Icorr
(µA cm-2)
FormedCoated

Icorr
(µA cm-2)
CoatedFormed

Process - Coating Thickness (µm)

Icorr
(µA cm-2)
FormedCoated

Icorr
(µA cm-2)
CoatedFormed

Hydroforming - TiN-0.1

10.19

11.58

Stamping - TiN- 0.1

7.80

17.13

Hydroforming - TiN-0.5

10.69

11.89

Stamping - TiN-0.5

7.62

12.44

Hydroforming - TiN - 1

6.56

6.94

Stamping - TiN- 1

5.89

8.60

Hydroforming - CrN-0.1

3.32

2.85

Stamping - CrN-0.1

3.47

2.87

Hydroforming - CrN-0.5

2.67

1.44

Stamping - CrN-0.5

2.66

1.78

Hydroforming - CrN- 1

1.79

1.36

Stamping - CrN- 1

1.70

1.22

Hydroforming - ZrN-0.1

1.30

1.34

Stamping - ZrN - 0.1

1.48

1.66

Hydroforming - ZrN-0.5

0.72

1.21

Stamping - ZrN -0.5

0.81

1.31

Hydroforming - ZrN- 1

0.33

0.56

Stamping – ZrN- 1

0.48

1.08

Ranking of corrosion resistance of BPPs from highest to smallest was performed on
the basis from lower-to-higher corrosion current density values. As seen in Figure 7.3, the
order of corrosion performance from highest to smallest was found to be in the order of ZrN
>CrN>TiN>Uncoated for most cases. These results implied that coating material had a
significant impact on the corrosion characteristics of the metallic BPPs as expected. Coating
thickness was another factor, which alters the current density value of the sample as
previously reported in literature [42]. This research confirmed previous findings as it was
noted that thicker the coating the higher corrosion resistance. 1µm-thick-coated samples
showed the best corrosion resistance while 0.1µm-thick-coated samples resulted in the worst
corrosion resistance, regardless of process sequence (formed-coated vs. coated-formed). This
fact was valid for each coating group except the hydroformed samples case. 0.1µm-thickTiN-coated hydroformed BPPs yielded lower corrosion current density than that for 0.5µm-
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thick-TiN-coated hydroformed BPPs among the formed-coated type samples. The same trend
was observed for coated-formed group samples, as well.
Another important remark from PD corrosion tests was that the blank (unformedcoated) samples displayed better corrosion behavior when compared to both formed-coated
and coated-formed groups, in general.
It was concluded that manufacturing parameters influenced the corrosion resistance of
metallic BPPs. These results also showed the importance of testing of manufactured BPPs
along with the blank samples rather than testing only the bulk or blank sheet samples in
corrosion studies to gain comprehensive information.
As mentioned above, ZrN coating material characterized superior corrosion endurance
among not only blank and formed-coated groups but also among coated-formed groups.
According to the previous work that includes the formed-coated BPP corrosion test results,
ZrN coated blank and formed samples met the DOE target regarding the corrosion rate of
metallic BPPs except two cases. Stamped and hydroformed-0.1µm-thick-ZrN-coated BPPs
bore higher corrosion density values than the DOE target value of 1µA cm-2 in cathodic
condition. In the group of coated-formed BPPs as portrayed in Figure 7.3, on the other hand,
only hydroformed BPPs with 1µm-thick-ZrN coating satisfied this DOE target.
Moreover, PD corrosion test results indicated that TiN coating material demonstrated
an adverse impact on the corrosion resistance in most cases for formed-coated BPPs. Similar
conclusions were obtained for coated-formed BPPs, too.
In order to assess the effect of manufacturing process sequence (i.e. formed-coated
and coated-formed) on the corrosion resistance of BPPs in detail, the following subsections
were devoted to comparison of those based on the PD test results. Firstly, hydroformed BPPs
were compared from manufacturing sequence point of view. Then, the comparisons between
the stamped-coated and the coated-stamped BPPs were made. Finally, 1µm-thick uncoated-
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coated blank, formed-coated and coated-formed BPPs were compared as best performed
coating thickness group. Logarithmic scales were preferred to cover very wide range of
corrosion density values in graphs. Statistical significance of PD test results were investigated
by means of ANOVA tests as presented in section 7.4.
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Figure 7.3: PD corrosion test results for coated-uncoated blank, hydroformed, stamped, and
coated-formed samples

7.3.1.1. Comparison of hydroformed-coated and coated-hydroformed BPPs
Figure 7.4 was constructed using average Icorr values for hydroformed-coated and
coated-hydroformed BPPs. It is observed that the ZrN and TiN coatings applied on sheet
blanks prior to hydroforming resulted in lowered corrosion endurance of BPPs. For the CrN
coating, however, BPPs became more resistant when the sample was coated before forming.
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From the results shown in Figure 7.4, only three samples were located below the red dashed
line, which represents the DOE target. Two of them were coated with 1µm-thick-ZrN before
and after hydroforming process whereas the third one was coated with 0.5µm-thick-ZrN after
hydroforming. Additionally, it was clearly seen that the decrease in coating thickness led to
lowered corrosion resistance. Furthermore, uncoated hydroformed samples exhibited lower
corrosion densities than the TiN coated samples regardless of manufacturing-coating
sequence.

Figure 7.4: PD corrosion test results for hydroformed-coated and coated-hydroformed BPPs

7.3.1.2. Comparison of stamped-coated and coated-stamped samples
Similar to hydroformed samples, the corrosion properties of stamped BPPs had the
same tendency in terms of the manufacturing-coating sequence effect. It was seen that the
CrN coated samples corroded severely when they were coated after stamping process. In
contrast to hydroformed samples, only two groups of coated after stamping, 0.5 and 1µmthick-ZrN coating samples, met the DOE target. As it was experienced in hydroforming case,
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higher coating thicknesses yielded higher corrosion resistance in both formed-coated and
coated-formed cases. TiN coated stamped BPPs showed worse resistance against corrosion
than uncoated BPPs, similar to hydroforming case. Figure 7.5 illustrated all these findings
regarding with corrosion behavior of stamped BPPs before and after coating process as well
as the uncoated samples.
	
  

Figure 7.5: PD corrosion test results for stamped-coated and coated-stamped BPPs

7.3.1.3 Corrosion resistance comparison of uncoated and 1µm-thick-coated blank,
hydroformed, stamped, formed-coated and coated-formed BPPs
Since the samples with 1µm-thick-coating exhibited the highest level of corrosion
resistance, only 1µm-thick-TiN, CrN and ZrN coated groups consisting of blank, stamped,
and hydroformed samples as well as the uncoated samples were compared in terms of the
forming-coating sequence in Figure 7.6. It was portrayed among all the groups that, blank
samples seemed to be the most corrosion resistant specimens. Nevertheless, there was only
one coating group, CrN, which broke this trend as blanks, coated with CrN prior to forming
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were better than the blanks coated with CrN in terms of the corrosion resistance. Overall,
applying TiN and ZrN coating after manufacturing process increased the corrosion resistance
of the BPPs, whereas the opposite trend was observed for the CrN coating. When forming
processes are compared, first stamped and then coated BPPs more corroded than their
hydroformed BPP counterparts in case of ZrN coating, whereas a corrosion formation was
higher when BPPs were shaped via hydroforming method and then coated with CrN and TiN
coatings. In general, stamped BPPs resisted less to the corrosive environment when compared
with hydroformed BPPs for the case of first coated and then formed groups.
	
  
	
  
	
  
	
  

Figure 7.6: PD corrosion test results for 1µm-thick uncoated coated blanks, and
manufactured BPPs.
7.3.2 Potentiostatic (PS) corrosion test results for 1µm-thick coatings
After assessment of PD cost results, blanks and BPPs coated with 1µm-thick coatings
were subjected to further investigation by means of PS corrosion tests. These tests were again
conducted with O2 gas purge to simulate the cathodic side of the PEMFC. During the 3 hours
long PS corrosion tests, current density-time data were constructed up to 5000 seconds only
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since the stabilization of the curves observed by then. PS corrosion test results for 1µm-thick
coated-uncoated blank, hydroformed, stamped, coated-formed, and formed-coated samples
are all included in Figure 7.7. Figure 7.8, on the other hand, shows the PS corrosion test
results for 1µm-thick formed-coated and coated-formed BPPs. Since stabilization level range
of coating groups was varied and wide, figures were generated with two or three separate
parts showing different ranges.
PS test results seen in Figure 7.7 and Figure 7.8 supported the findings obtained from
PD tests as discussed in previous subsections. TiN coating showed the lowest performance
among the tested coatings to guard the plate from the corrosion attack. In contrast to PD data,
PS tests disclosed the higher performance of CrN coatings than ZrN coating. According to
the stabilization levels of their respective curves, both CrN and ZrN coated BPPs satisfied the
DOE target. The corrosion resistance performance from high to less was in the order of CrN,
ZrN, uncoated, and TiN.
When the effect of forming type on corrosion performance of coatings is evaluated, it
was seen that hydroforming process did not negatively affect the corrosion endurance of CrN,
ZrN, and TiN coatings as much as the stamping process affected regardless of the formingcoating sequence. Besides, coated blank samples showed the best corrosion resistance in each
coating group emphasizing the negative effect of forming processes on the corrosion behavior
of BPPs. Unlike the PD test results, hydroforming of plates after ZrN and TiN coatings, and
stamping of plates after TiN coating lowered the stabilization level leading to enhanced
corrosion resistance according to PS test results. On the other hand, PS test results revealed
that CrN and ZrN coated and then stamped BPPs showed slightly lower corrosion resistance
than the samples stamped first, and then coated BPPs. Another conclusion derived from the
PS tests is that coating the sample with CrN before hydroforming process decreased the
corrosion endurance of the BPPs. These conclusions are visualized in Figure 7.8.
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Figure 7.7: PS corrosion test results for 1µm-thick coated uncoated blanks, and formed BPPs
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Figure 7.8: PS corrosion test results for 1µm-thick formed-coated, and coated-formed BPPs

SEM pictures were acquired from the surface of some coated specimens to observe
the manufacturing-coating sequence effect as well as possible corrosion signs before and after
PS tests. SEM images of formed-coated and coated-formed BPPs with 1µm-thick TiN and
ZrN coatings are presented in Figure 7.9. Macro-defects and pinholes can be intensively
noticed on the TiN coated sample before corrosion test in Figure 7.9a. Pin-hole type defects
seen on the surface of TiN coated samples before the corrosion test were assumed to be
sourced from coating process that resulted in lowering corrosion resistance. PVD coating
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defects could be decreased, but it could be very difficult to entirely provide defect-free coated
surface. [46, 47]. Moreover, it can clearly be seen that TiN coated sample had intensive
corrosion attack after the PS test. No corrosion sign was noticeable after the PS test for the
ZrN coating as seen in Figure 7.9b.
In the case of coating application prior to forming, coating cracks were obvious for
both TiN and ZrN coated samples (Figure 7.9c and 7.9d) while no such cracks observed on
the surface of samples that were coated after manufacturing. These crack formations were
undoubtedly caused by the manufacturing process. After corrosion tests, it was noticed that
cracks become more definite for both coatings. For the TiN case, cracks were enlarged after
the corrosion test as it can be seen in Figure 7.9c.

TiN-1 micron - formed-coated
BEFORE CORROSION

AFTER CORROSION

BEFORE CORROSION

AFTER CORROSION
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TiN-1 micron – coated-formed

BEFORE CORROSION

AFTER CORROSION

c)

ZrN-1 micron – coated-formed

BEFORE CORROSION

AFTER CORROSION

d)

Figure 7.9: SEM images before and after PS corrosion tests for 1-micron-thick a)TiN, b)ZrN
hydroformed-coated and c)TiN, d)ZrN coated-hydroformed BPPs
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Although significant differences were expected between formed-coated and coatedformed BPPs in terms of the corrosion behavior, coated-formed BPPs exhibited almost the
same performance with formed-coated BPPs, in most cases based on, the PD and PS
corrosion test results. Several EDX analyses were performed on the ZrN coated BPPs to
confirm these results in terms of the manufacturing-sequence effect on the corrosion
behavior. It can be concluded from the Figure 7.10a, 7.10b, 7.10c and 7.10d that EDX
analyses revealed the decreased Zr content on the surface after corrosion tests and
manufacturing process, as expected. Nevertheless these decreases are not significant as the
ZrN exhibitited the best performance among the tested coatings. Therefore, it can be said that
corrosion properties of the BPPs did not change noticeably regarding the manufacturingcoating sequence. Similar conclusion was published by Eriksson et al. who examined the
effect of manufacturing process on the coated stainless steel reporting improved corrosion
behavior even though some cracks were observed on the coated surface due to manufacturing
process [45].
Characteristics and properties of TiN and ZrN coatings were given in the Appendix D,
E [46].
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corrosion resistance, considerably. (3) Hydroformed BPPs would resist to corrosion more
than its stamped counterparts regardless of the forming-coating sequence.
In order to determine the statistical significance of these outcomes and PD corrosion
test results between different test groups, one-way ANOVA (Analysis of Variance) tests were
carried out on the Icorr values averages of each group. At least three Icorr data from each group
were included in analyses. Confidence interval (CI) was selected as 95%. Probability (p)
values were obtained by one-way ANOVA analyses value of less than 0.05 stood for
significant difference between the compared groups. 1µm-thick coated, uncoated blanks,
hydroformed, stamped, coated-formed, and formed-coated samples were included in
statistical analyses only as these groups exhibited relatively higher corrosion resistance.
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First ANOVA analysis yielded p value of 0.000 for the groups including all 1µmthick coated samples indicating significant differences for tested groups from the corrosion
resistance perspective. Figure 7.11 plots the confidence interval for these groups. Since 1µmthick ZrN samples were the best against corrosion, second ANOVA test was performed on
this group of which confidence intervals displayed in Figure 7.12. Similar to previous case,
differences were found to be significant in this case, too.
Further analyses were performed to reveal the statistical significance for
manufacturing process, forming-coating sequence, and coating type and thickness in
subsequent sections.
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Figure 7.11: 95% confidence intervals for 1µm-thick coated-uncoated blank, hydroformed,
stamped, formed-coated and coated-formed BPPs
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Figure 7.12: 95% confidence intervals for
coated blank, hydroformed,
stamped, coated-hydroformed, and coated-stamped BPPs

7.4.1. ANOVA analyses for manufacturing process effect
In this part of analyses hydroformed and stamped BPPs with 1µm-thick ZrN coating
were subjected to the ANOVA tests, Probability value of 0.152 obtained from ANOVA
analysis for formed-coated samples (stamped-coated vs. hydroformed-coated) indicated that
there was no significant difference between hydroforming and stamping processes. Second
ANOVA test conducted among the coated-formed samples yielded p-value of 0.015 implying
that hydroforming process was found to be decreasing the corrosion current density
significantly when compared the stamping process. Thus, hydroforming process would be the
promising method for the coated substrate material to form them into the BPP. A similar
conclusion on the suitability of the hydroforming process was reported in earlier work [12,
35, 36]. For both cases, interval plots were given in Figure 7.13 and 7.14.
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Interval Plot of Hydroformed-ZrN-1µm, Stamped-ZrN- 1µm
95% CI for the Mean
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Figure 7.13: 95% confidence interval plot for 1µm-thick ZrN coated hydroformed and
stamped BPPs
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Figure 7.14: 95% confidence interval plot for 1µm-thick ZrN coated-hydroformed, and
coated-stamped BPPs
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7.4.2. ANOVA analyses for manufacturing-coating sequence effect
Statistical significance tests for process sequences were also performed for
hydroformed-coated, coated-hydroformed, and stamped-coated, coated-stamped groups. For
hydroforming case with ZrN coating (Figure 7.15), no significant difference was revealed
between two sequences. For stamping case (ZrN), on the other hand, coated and then stamped
BPPs had significantly smaller interval plots than its stamped and then coated counterpart
shown in Figure 7.16. Results, confirming the previous section, suggested the preference of
hydroforming process for coated metals.
In addition, CrN coated BPPs were evaluated with ANOVA since the samples formed
after CrN coating gave better corrosion behavior than the samples formed before coating in
PD tests. In conclusion, no significant variation was observed for both hydroforming and
stamping cases with CrN coating in terms of process sequence as p values of 0.128 and 0.265
were obtained.
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Figure 7.15: 95% confidence intervals of 1µm-thick ZrN coated hydroformed-coated and
coated-hydroformed BPPs
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Interval Plot of Stamped-ZrN- 1µm, C-Stamped-ZrN- 1µm
95% CI for the Mean
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Figure 7.16: 95% confidence intervals of 1µm-thick ZrN coated stamped-coated and coatedstamped BPPs

7.4.3. ANOVA analyses for coating type and thickness
ANOVA analysis yielded p-value of 0.012 between ZrN and CrN coatings for
hydroforming case (Figure 7.17). Analysis was conducted for the stamping case as well in
both coating sequences. Assessment of results signified that corrosion-preventing feature of
ZrN coating was significantly stronger than the CrN coating in all cases with the one
exception. Corrosion resistances of the CrN and ZrN coatings were found to be not different
from each other only when the coating applied on BPP after stamping.
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Interval Plot of Hydroformed-, Hydroformed-, C-Hydroforme, ...
95% CI for the Mean

-2
Current Density
Data (µA cm )

8

6

4

2

0

Hydroformed-CrN-1µm
Hydroformed

CrN-1µm

HyHydroformed
droformed-ZrN-1µm

C-Hy
droformed-CrN-1µm CHyC-Hydroformed
droformed-ZrN-1µm
C-Hydroformed

ZrN-1µm

CrN-1µm

ZrN-1µm

Figure 7.17: 95% confidence intervals for 1µm-thick CrN and ZrN coated coatedhydroformed and hydroformed-coated BPPs

Since hydroformed samples showed slightly higher corrosion resistance, they were
tested with ANOVA tests as represented in Figure 7.18 and Figure 7.19 presenting the 95%
confidence interval plots of 0.1, 0.5, 1µm-thick ZrN coated hydroformed-coated and coatedhydroformed BPPs, respectively. While the effect of coating thickness was not significant for
the coated-hydroformed samples, statistical analysis revealed the distinct effect of coating
thickness for the hydroformed-coated BPPs.
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Interval Plot of Hydroformed-ZrN-, Hydroformed-ZrN-, Hydroformed-ZrN95% CI for the Mean
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Figure 7.18: 95% confidence intervals of 0.1, 0.5, and 1µm-thick ZrN coated hydroformedcoated BPPs
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Figure 7.19: 95% confidence intervals for 0.1, 0.5, and 1µm-thick ZrN coated coatedhydroformed BPPs
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7.5 Summary and Conclusion
This study investigated the effect of forming-coating sequence on the corrosion
resistance of metallic bipolar plates. Three different coating materials (TiN, CrN, ZrN) and
three different coating thicknesses (0.1, 0.5, 1µm) were applied on metallic BPPs of 51µmthick SS316L. Hydroforming and stamping processes were employed to manufacture metallic
BPPs. Two different process sequences were applied in manufacturing of BPPs. First group
was manufactured and then coated while second group was first coated, and then formed.
These groups, then, were exposed to the PD and PS tests with O2 gas purge to monitor the
corrosion behaviors of metallic coated BPPs.
PD corrosion test results gave the order of corrosion performance of coating materials
on BPPs as ZrN > CrN > TiN > Uncoated from the highest to lower for most cases. It was
also found that thicker coating increased the corrosion resistance. Coated blank samples
possessed the highest corrosion resistance in almost all cases. Similar trends were obtained
with coated-formed samples, too. ZrN was the only coating type for both formed-coated and
coated-formed groups that met the DOE target. Different from PD test results, CrN coated
samples exhibited the highest corrosion resistance while TiN coated samples showed the
worst corrosion resistance in PS test results. PS test results exposed that all BPPs coated with
1µm-thick CrN and ZrN met the DOE target regardless of forming-coating sequence. PS tests
also demonstrated that coated-hydroformed and hydroformed-coated BPPs demonstrated
higher corrosion resistance than their stamped counterpart in most cases.
ANOVA tests resulted in insignificant differences for the forming-coating sequences
in hydroforming case (for ZrN and CrN) and in stamping case (for CrN case only). In
stamping with (ZrN) case, however; coated-stamped BPPs had significantly lower corrosion
resistance than stamped-coated samples. Consequently, it can be said that coating the BPP`s
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substrate material before manufacturing process does not always decrease the corrosion
resistance of the BPPs.
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CHAPTER 8
Investigations on the Corrosion Resistance Behavior of Coated Metallic
Bipolar Plates with Two Different Channel Sizes

Metallic bipolar plates (BPP) for Proton Exchange Membrane Fuel Cell (PEMFC)
systems have two significant issues; (a) they have low corrosion resistance, (b) high contact
resistance. In fact, corrosion occurrence on the surface of BPP itself causes the increased
contact resistance. Therefore, investigators strive to improve metallic BPP durability in terms
of the corrosion resistance. The most beneficial solution is the coating the surface of BPP
with corrosion resistant materials. Researchers also study on the BPP flow channel design to
improve its performance in PEMFC. This study, in particular, investigated the corrosion
characteristics of coated metallic BPPs. First, stainless steel SS316L sheet substrate material
was coated with three different PVD type coatings (TiN, CrN, ZrN) at three different coating
thicknesses (0.1µm, 0.5µm, 1µm). Then, coated samples were stamped and hydroformed into
channeled BPPs. In these processes, two different dies, which have different channel heights,
were employed to manufacture coated metallic BPPs. All formed-unformed and coateduncoated samples were then, exposed to the potentiodynamic (PD) and potentiostatic (PS)
corrosion tests with oxygen (O2) gas. Surface inspections including the surface roughness
measurements and microscopic examinations were also performed on the BPP surfaces. In
addition, statistical analyses were employed on PD corrosion test results by means of analysis
of variance (ANOVA) technique. Results showed that the corrosion resistances of the smallchannel-size BPPs were better than the corrosion resistance of bigger-channel-size BPPs
when PD test data is considered. PS results, on the other hand, indicated opposite patterns in
corrosion behavior.
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8.1. Introduction
There are several options to improve BPP durability and thereby the PEMFC
performance. Investigators focus on coatings that can be applied on the metallic BPP`s
surface to enhance the durability against corrosion. Another research issue is to improve the
BPP performance changing the design of the flow field geometry on the BPP. Regarding flow
channel design of the BPP, channel dimension is considered as variable, and several
configurations like straight-parallel, pin, and serpentine flow fields were proposed [1, 2].
Channel width and depth of 1.5 mm was found as optimum dimension for BPP flow-field by
Li et al. [3]. Kumar and Reddy also reached the comparable results for BPP flow-fieldchannel size [4]. In another study, 0.5x1.0 mm was reported as convenient values for the
channel depth and width of BPP channels [5]. Ying et al., on the other hand, stated the
benefit of the increased channel section size on the fuel cell performance [6].
Among the coating options, metal-based coatings such as metal nitrides were widely
used to assure the DOE requirements [7]. TiN is one of the mostly studied in the literature
due to its good corrosion endurance [8, 9]. CrN coating has also been reported as suitable
corrosion resistant material for metallic BPP [10]. Suitability of these two coatings for
metallic BPP coating applications was confirmed in other studies [11-14]. ZrN coating was
marked as an appropriate alternative to protect BPP surface from the corrosion by Yoon et al.
[15].
Earlier studies at VCU investigated the effect of manufacturing conditions on the
corrosion characteristics for several metallic BPP. Effect of coating materials and coating
thicknesses on the corrosion behavior of bipolar plates made from SS316L substrate material
was also studied [16-18]. In accordance with previous studies, which were given in the
chapter 3, 4, and 6, this study aimed to reveal the effect of two different-channel sizes,
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namely 250 and 750 µm, on the coated metallic BPP from the point of corrosion behavior. To
this goal, manufacturing and corrosion tests were performed for coated BPPs.

8.2. Experimental
Stainless steel SS 316L substrate materials were coated by Tanury Industries (Tanury
Industries Co., Lincoln, RI). The physical vapor deposition method (PVD) was used as
coating process. Titanium nitride (TiN), chromium nitride (CrN), and zirconium nitride (ZrN)
were chosen as PVD coating materials. Coatings were applied at three different thicknesses
as 0.1, 0.5 and 1µm. Detailed information about the coating process is available in previous
studies [15, 18]. Flow-field-channels were shaped on the coated samples via hydroforming
and stamping processes. Coating process was applied both before and after forming the flowfield-channels (BPPs were first manufactured and then coated as well as coated, and then
manufactured). Moreover, two different flow-field-channel sizes were obtained by using two
different die geometries. Figure 8.1 shows the uncoated, and coated blanks samples as well
as and coated-formed samples with two different channel sizes. In order to examine the
samples regarding corrosion behavior, adequate numbers of potentiodynamic-PD and
potentiostatic-PS corrosion experiments were conducted on the channeled area (i.e. active
area) of BPPs. Only cathode side of PEMFC was simulated by bubbling O2 gas during the
corrosion tests since the effect of the corrosion in this side was reported to be more severe
than the anodic (hydrogen) side [12, 19, 20]. PD test data was obtained by Tafel analysis
method. In addition, surface roughness measurements, and optical microscopy examinations
were performed. ANOVA (analysis of variance) tests were applied on the PD test data to
determine the statistical significance of the corrosion test results as well.
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Figure 8.1: Uncoated blank and 0.5µm-thick-CrN coated blank and formed via die1 and die2
BPPs.
8.2.1. Manufacturing Processes
Two different manufacturing processes, hydroforming and stamping, and two
different die sizes were selected to observe the effect of die sizes on corrosion resistance of
BPPs. One had 0.25 mm channel width and depth while the other had 0.75 mm in both
dimensions. Hence, BPPs with two distinct channel heights were manufactured. 0.25mm-diefeature will be referred as die-1; and 0.75mm-die-feature will be named as die-2 in the rest of
this chapter. The design of flow channels were selected as straight parallel channels because
of its ease of manufacturing. The active nominal channeled area size was selected as
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40x40mm2 as previously preferred by other researchers [3, 4]. Dies with two different flow
field size used in this study are presented in Figure 8.2. Only female die was used in
hydroforming whereas male and female dies were employed in stamping. Coated, uncoated
blanks were hydroformed to BPPs via pressurized oil into female die channels under 40MPapressure, and 1MPa s-1 pressure rate confitions. In stamping process, on the other hand, sheet
blanks were formed between male and female dies with 200kN stamping force, and 1mm s-1
of stamping speed. These parameters were determined as optimum values from the preceding
works [16, 17, 21, 22]. Experimental variables in manufacturing and corrosion tested 51µmthick-SS316L BPP are summarized in Table 8.1.
Table 8.1: Experimental Variables of 51µm-thick-SS316L BPP
	
  
Coating
Process

PVD

Coating
Coating
Thickness
Type
(µm)

TiN
CrN
ZrN

0.1
0.5
1

Die channel
width and
height

Manufacturing Process

Stamping

Hydroforming

Force Speed
(kN) (mm s-1)

Pressure
Rate
(MPa) (MPa s-1)

200

1

40

1

Die 1
(µm)

Die 2
(µm)

250

750

Corrosion Tests
with O2 gas

PD
(potentiodynamic)
PS
(potentiostatic)
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Figure 8.2: Die set pictures for two different channel sizes

8.2.2 Surface Inspections
Surface inspections were performed on manufactured BPPs as well as blank samples
before and after potentiodynamic (PD) corrosion tests. It was aimed for surveying the surface
morphology and topography changes considering the corrosion formation on BPP surfaces.
Microscopic examinations were conducted using Nikon Eclipse LV-100DA-U universal
design microscope. Moreover, 3d surface area roughness (Sa) measurements were acquired
with Veeco NT 1100 (Veeco Instrument Inc., Tucson, AZ) optical profilometer.
Measurements were taken at least three times for points of interests to ensure the repeatability
of measurement system. For comparion purposes, measurements were taken from channel
peaks only.
192	
  
	
  

	
  

8.2.3 Polarization Experiments
Potentiodynamic (PD) and potentiostatic (PS) corrosion test methods are the mostly
preferred in literature and were utilized in this research [23-27]. The purpose of these tests
was set as observing the influence of different die sizes on the corrosion resistance of coated
51µm-thick-SS316L BPP. For each coating type, three samples were subjected to PD
corrosion tests and corrosion current densities (Icorr) were recorded.
Corrosion test setup consists of a working electrode (BPP sample), a graphite counter
electrode, an Ag/AgCl (Silver/Silver Chloride) reference electrode, and an acid tank with a
gas bubbler at the bottom.. The tank was filled up with 0.5M H2SO4 (sulfuric acid) solution
as the working electrolyte. Then, the corrosion cell was placed in an electrical furnace that is
heated up to 80°C. All test samples were cleaned by acetone before corrosion tests. The
oxygen (O2) gas was purged into corrosion cell to simulate the cathodic conditions in
PEMFC. The potential range was varied from -1.2 to 0.8V at a rate of 1 mV s

−1

in PD

corrosion tests while it was constant at 0.6V for O2 purged 3 hour-long PS tests. Both PD and
PS corrosion tests were controlled by the Solartron 1287 Electrochemical Interface
potentiostat (Solartron analytical, Oak Ridge, TN). Since the lower corrosion current density
indicated the high corrosion resistance of BPP sample [28], Tafel analysis method was
exploited to attain corrosion current density (Icorr) value for each specimen. Further detail
about corrosion test setup can be discovered in the previous publications as well as the
previous chapters [16, 17].

8.3. Results
8.3.1. Potentiodynamic Test Results
For the coated samples, as it was mentioned in the experimental section, there were
two sequences. One group was coated and, then manufactured while the other group was
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manufactured and, then coated. First, PD corrosion tests were conducted on the 1µm-thickTiN-coated-BPPs from these two groups. PD polarization curves for BPPs formed via die1
and die2 are given in Figure 8.3a, and 8.3b, respectively. According to PD curves, it can
clearly be seen that corrosion behaviors of two BPP groups were very close to each other.
Therefore, only coated then formed samples were subjected to PD, and PS corrosion tests for
the rest of this study.
Corrosion current densities (Icorr) obtained from PD tests in cathodic (O2) conditions
for the coated blank, stamped, and hydroformed BPPs were presented in Table 8.2. These
data represented the mean value of measurements from three specimens for each coating
group. It can be concluded from this table that manufactured BPPs had higher Icorr data than
blank samples for both die1 and die2 conditions, in most cases. Moreover, All BPPs formed
by die1 possesed higher corrosion resistance than BPPs formed by die2 except several cases.
Detailed comparisons were performed in next section for coated stamped, hydroformed and
blank samples separately.
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Figure 8.3: PD polarization curves for 1µm-thick TiN coated formed-coated and coatedformed BPPs formed by a) 0.25mm-channel-size die, and b) 0.75mm-channel-size die
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Table 8.2: The mean corrosion current density, Icorr (µA cm-2), data for coated-blank, coatedhydroformed and coated-stamped BPPs formed with die1 and die2.
Sample Type
+
Coating
Thickness

Icorr

Coating
Thickness
+
Sample Type

Icorr
Die-1
(0.25mm)

Icorr
Die-2
(0.75mm)

Coating
Thickness
+
Sample Type

Icorr
Die1
(0.25mm)

Icorr
Die2
(0.75mm)

Blank
TiN-0.1µm

7.06

TiN-0.1µm
Hydroformed

12.4

11.58

TiN-0.1µm
Stamped

12.6

17.13

Blank
TiN-0.5µm

5.66

TiN-0.5µm
Hydroformed

11.7

11.9

TiN-0.5µm
Stamped

6.7

12.44

Blank
TiN-1µm

3.81

TiN-1µm
Hydroformed

7.18

6.94

TiN-1µm
Stamped

4.7

8.60

Blank
CrN-0.1µm

3.72

CrN-0.1µm
Hydroformed

2.18

2.85

CrN-0.1µm
Stamped

1.6

2.87

Blank
CrN-0.5µm

1.77

CrN-0.5µm
Hydroformed

1.45

1.4

CrN-0.5µm
Stamped

2.3

1.78

Blank
CrN-1µm

1.67

CrN-1µm
Hydroformed

1.4

1.36

CrN-1µm
Stamped

1.53

1.22

Blank
ZrN-0.1µm

0.29

ZrN-0.1µm
Hydroformed

1.46

1.34

ZrN-0.1µm
Stamped

1

1.66

Blank
ZrN-0.5µm

0.082

ZrN-0.5µm
Hydroformed

1.2

1.21

ZrN-0.5µm
Stamped

0.93

1.31

Blank
ZrN-1µm

0.081

ZrN-1µm
Hydroformed

0.95

0.56

ZrN-1µm
Stamped

0.52

1.08

8.3.1.1. Comparison PD Corrosion Test Results for Stamped BPPs
Figure 8.4 is formed to compare PD test results for uncoated and coated-stamped
bipolar plates formed with 0.25mm and 0.75mm channel-dies. BPPs with 0.5 and 1 micron
coating thicknesses and formed in die-2 (0.75mm-channel-die) group showed better corrosion
resistance than die-1 (0.25mm-channel-die) group for CrN coating. For the remaining
samples, BPPs formed in die-1 group samples were found to be more corrosion resistant than
die-2 group samples. Uncoated stamped samples were also included in the figure for
comparison purposes. As it is seen in Figure 8.4, uncoated samples yielded higher current
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density data resulting in worse corrosion resistance than CrN and ZrN coated BPPs whereas
they exhibited higher corrosion resistance than TiN coated BPPs for both die groups.

Figure 8.4: PD corrosion test results for coated-stamped and uncoated stamped BPPs formed
via two different dies

8.3.1.2. Comparison of PD Corrosion Test Results for Hydroformed BPPs
PD test results of coated-uncoated hydroformed BPPs for 0.25mm and 0.75mm
channel-die groups are given in Figure 8.5. Die-2 group samples exhibited slightly higher
corrosion current density than die-1 group samples for uncoated and the coated with TiN 0.5,
CrN 0.1 and ZrN 0.5-micron cases. On the other hand, die-2 group samples coated with TiN
0.1-1, CrN 0.5-1, and ZrN 0.1-1 micron thicknesses were more corrosion resistant than the
die-1 group samples. Similar to stamped BPPs, TiN coating were the least performed among
coated-hydroformed BPPs in terms of the corrosion resistance in both die group samples.
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Figure 8.5: PD corrosion test results for coated-hydroformed and uncoated hydroformed
BPPs formed via two different dies

8.3.1.3. Comparison of PD Corrosion Test Results for Blank, Hydroformed and
Stamped BPPs
Corrosion resistance performances of only 1µm-thick-TiN, CrN and ZrN coated
groups consisting of blank and formed with two diverse-geometry-dies samples are given in
Figure 8.6 since the samples with 1µm-thick-coating demonstrated the highest level of
corrosion resistance. Corrosion current densities of the unformed blanks for TiN and ZrN
coatings were the lowest compared to both die-1 and die-2 group samples. In contrast, blanks
with CrN cotings attained the highest corrosion current densities compared to both die-1 and
die-2 group samples. This outcome indicated that manufacturing slightly improved the
corrosion resistance for CrN coated samples. This unexpected result will be reviewed in the
subsequent PS test results section.
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Figure 8.6: PD corrosion test results for blank and coated-formed BPPs formed via two
different dies

8.3.2. Potentiostatic Corrosion Test Results
In order to observe the corrosion properties of the coated BPPs in terms of the effect
of different channel sizes, BPPs with the 1µm-thick-coating were also exposed to PS tests for
better understanding. During the tests, potential was constant, and O2 was the purged gas in
PS test to simulate the real PEMFC cathode condition. PS stabilization curves belong to 1µmthick-TiN, CrN, and ZrN coated BPPs were plotted in Figure 8.7. It was apparent current
desinty of TiN coated group was stabilized at between 20 and 40µA cm-2, which is far away
from the DOE target level of 1µA cm-2 for each manufacturing and die condition. When
corrosion current levels of the TiN coatings in PS tests were compared with the PD test
results, similar results are observed. Wang et. al, in a similar study, reported similar corrosion
performance of TiN coatings, earlier [8].
Although the patterns of the curves were very similar and close to each other, the
order of the stabilization levels from the lowest to highest were as blank > die-2 > die-1 at
most cases. This order indicates the manufacturing process effects on the corrosion resistance
of BPPs for both die groups. When the PD, and PS corrosion test results are assessed in terms
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of die type used, different performance orders were obtained. It can be concluded that short
term of the potentiodynamic test could be the reason for this conflict. Besides, PS test, which
simulates the real PEMFC working conditions, could give more realistic idea regarding the
corrosion behavior of the materials in PEMFC atmosphere.
Blank samples showed the best corrosion resistance among TiN and CrN samples. For
CrN coating, this outcome was the opposite result when compared to PD test results. Die-1
sample was stabilized earlier than die-2 sample by having lower corrosion current levels for
CrN coated stamped case. The advantage of CrN coated samples was that every BPP
possessed the lower corrosion current density value than the DOE targets for both die groups.
ZrN coated BPPs met the DOE target like CrN coated BPP samples for both die-1 and
die2 samples as well.
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Figure 8.7: PS corrosion test results for coated-formed BPP groups a) TiN, b) CrN, c) ZrN at
1 µm coating thickness and manufactured by two dies
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8.3.3. Surface Inspections
8.3.3.1. Microscope examination
Before and after PD corrosion tests, optical microscope pictures were acquired from
hydroformed sample surfaces for each coating type, and die group samples. Micrographs for
die-1- hydroformed group samples coated with TiN, CrN, and ZrN are illustrated in Figure
8.8a,b,c while corresponding micrographs for die-2 samples are given in Figure 8.8d, e, f .
Locations of microscope images were same for before and after PD tests examinations as it
can easily be noticed from Figure 8.8d, e, f.
It was observed that the corrosion effect was more severe on the surface of die-2
group samples than that for die-1 group samples. TiN and CrN coatings seemed to be
removed from the surface somewhat in both die cases after corrosion tests. This can be
identified by the color changes on the surface of CrN coated BPPs formed with die-1 and die2. Removal of the TiN coating from the surface was more obvious in die-2 image than die1
image. Visual comparison, on the other hand, revealed the stability of the ZrN coating against
corrosion in both die feature cases (Figure 8.8 c, f). These observations supported the
findings obtained from PD corrosion test results that revealed the ZrN coating as the best.
However, BPPs formed with die-2 set displayed better than corrosion resistance than BPPs
formed with die-1 set according to PS test results that symbolized the simulated PEMFC
working conditions. The reason would be that PD test takes only 45 minutes to observe the
corrosion behavior of the materials while PS test performs at least 3 hours. Since PS test
simulates the real PEMFC operating conditions, surface inspections could be before and after
PS corrosion test in future investigations.
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f)

Figure 8.8: Microscopic images before and after PD corrosion tests for 1-micron-thick a)
TiN, b) CrN, c) ZrN coated then hydroformed in 0.25mm channel size (die-1); and d) TiN, e)
CrN, f) ZrN coated and then hydroformed in 0.75mm channel size (die-2) BPPs.
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8.3.3.2. Roughness Measurements
To establish a possible relation between the corrosion resistance and the surface
roughness of the BPP, several roughness measurements were obtained from same stamped
die1 and die2 samples before and after PD corrosion tests. While the coating thickness of
1µm was preferred among TiN and CrN coated samples, 0.1, 0.5 and 1 µm-thick coatings
were included for ZrN coated samples in roughness measurements. Before and after PD
polarization surface roughness measurements for two dies BPP samples were demonstrated in
Figure 8.9, and 8.10, respectively. It was noted that BPP samples formed in die-2 attained
higher surface roughness values regardless of coating type at 1-µm coating thickness. This
statement is also valid for ZrN coating at all thicknes levels. Surface roughness measurement
obtained after corrosion tests, on the other hand, decreased surface roughness values were
monitored regardless of die type used. However, a relation between roughness and corrosion
behaviors of the BPPs could not be established.

Figure 8.9: Roughness data for coated-uncoated stamped BPPs formed by two dies before
corrosion test
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Figure 8.10: Roughness data for coated-uncoated stamped BPPs formed by two dies after
corrosion test

8.4. Analysis of Variation (ANOVA)
ANOVA analyses were employed on the surface roughness values (Sa) and the
corrosion current density data (Icorr ) to investigate whether the differences among the BPPs
formed via two dies (die-1 and die-2) groups were statistically significant. Each group
consisted of at least three samples’ data, and 95% confidence interval (CI) plots were
established to look into variations. P values, which emphasize the significancee when its
value is under 0.05, were calculated for comparison. Results for 1µm-thick coated samples
were used in ANOVA tests only since PD corrosion test results implied those as the best in
terms of corrosion endurance.
Before statistical analyses, it was theorized that BPPs formed with die-1 would be
significantly more corrosion resistant than BPPs formed with die-2 based on Icorr and Sa data.
Moreover, blank (unformed) samples would show considerably better corrosion resistance
than the both BPPs formed by die-1 and die-2 for all coating types. It was also hypothesized
that there would be minor variation between stamped and hydroformed BPPs in both cases
(formed via die-1 and die-2). In terms of the surface roughness, expectation was that the
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high-channel-size BPPs (0.75mm) would have significantly rougher surface than smallchannel-size BPPs (0.25mm).

8.4.1. ANOVA Analysis on PD Test Results
Each coating group evaluated independently. ANOVA results for TiN, CrN, and ZrN
coated samples are given in Table 8.3, 8.4, 8.5, respectively. For the test conducted for TiN
coated samples, first ANOVA test was applied on all TiN coated samples regardless of
coating thicknes, die type (Table 8.3, first row). Since a significant difference between them
was revealed, then further analyses performed..Table 8.3 summarizes the comparioson result
for several combinations. TiN signified that corrosion data of all BPPs varied significantly
from each other except the cases of hydroformed die-1 vs. hydroformed die-2 and blank vs
die-1 stamped samples. This implied that die-1 samples had significantly higher corrosion
resistance than die-2 samples in stamping whereas there was no important difference between
die-1 and die-2 cases in hydroforming. ANOVA tests for all CrN coated samples, on the
other hand, showed insignificant changes, and, no more ANOVA application was considered
for CrN coated BPPs. ANOVA tests for ZrN coated BPPs showed similar results to TiN
coated BPPs case. Even though die-2 samples were corroded more than blank and die-1
samples according to the PD corrosion data, the differences were statistically significant only
in the case of stamping.
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Table 8.3: Statistical comparison analyses for 1µm-thick-TiN coated BPPs formed by die-1
and die-2

TiN-1µm

Die 1 (0.25mm)

Die 2 (0.75mm)

Blank
(3.8µA cm-2)

Hydroformed
(7.33µA cm-2)

Stamped
(4.8µA cm-2)

Hydroformed
(7.36µA cm-2)

Stamped
(9.6µA cm-2)

p-value

Is p<0.05
(significant)

x

x

x

x

x

0.0000

Yes

x

x

x

x

0.0060

Yes

x

x

x

0.0000

Yes

x

x

0.9230

No

x
x

x

x

0.0030

Yes

x

x

0.0190

Yes

0.0010

Yes

0.0010

Yes

0.2190

No

0.0070

Yes

x

x

x

x

x

x

x

Table 8.4: Statistical comparison analyses for 1µm-thick-CrN coated BPPs formed by die-1
and die-2

CrN-1µm

Die-1 (0.25mm)

Die-2 (0.75mm)

Blank
(1.67µA cm-2)

Hydroformed
(1.43µA cm-2)

Stamped
(1.56µA cm-2)

Hydroformed
(1.44µA cm-2)

Stamped
(1.36µA cm-2)

pvalue

Is p<0.05
(significant)

x

x

x

x

x

0.990

No
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Table 8.5: Statistical comparison analyses for 1µm-thick-ZrN coated BPPs formed by die-1
and die-2
ZrN-1µm

Die-1 (0.25mm)

Die-2 (0.75mm)

Blank
(0.081µA cm-2)

Hydroformed
(0.97µA cm-2)

Stamped
(0.53µA cm-2)

Hydroformed
(0.59µA cm-2)

Stamped
(1.2µA cm-2)

p-value

Is p<0.05
(significant)

x

x

x

x

x

0.000

Yes

x

x

x

x

0.005

Yes

x

x

x

0.001

Yes

x

x

0.066

No

x
x

x

x

0.000

Yes

x

x

0.008

Yes

0.001

Yes

0.008

Yes

0.007

Yes

0.000

Yes

x

x
x

x
x

x

x

	
  
	
  
8.4.2. ANOVA Analysis on Roughness Measurements
ANOVA test results on roughness measurement data are given in Table 8.6. Each
coating type was evaluated individually in this table. TiN coated and formed in die-1 and die2 samples had notably different surface roughness values in accordance with before corrosion
measurements. Die-2 sample surfaces were significantly rougher than die-1 sample surfaces.
However, there was no significant difference in after corrosion test case of surface roughness
measurements obtained for TiN coated samples. The same results were obtained on the CrN
coated samples for two-die group of samples. For ZrN coating, the Sa value of the die-1 was
considerably lower than Sa value of die-2 in both before and after corrosion test measurement
cases.
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Table 8.6: Statistical comparison of roughness data for uncoated and 1µm-thick-TiN, CrN,
and ZrN coated BPPs formed by die-1 and die-2.
Die-1 (0.25mm)
Stamped

Die-2 (0.75mm)

before
corrosion

after corrosion

before corrosion

after corrosion

1.24µm

1.21µm

1.82µm

1.46µm

x

x

x

x

x

TiN

x
x

x

x

x
x

x

0.85µm

1.28µm

1.54µm

1.46µm

x

x

x

x

x

CrN

x
x

x

x

1.48µm
x

1.27µm
x

x

ZrN

x
x
1.89µm
x
x

x
x

x
1.71µm
x
x

x
x

x

1.13µm

1.23µm

1.39µm

1.32µm

x

x

x

x

Uncoated

x

x
x

x

x

x
x

x

p-value

Is p<0.05
(significant)

0.000

Yes

0.000

Yes

0.052

No

0.776

No

0.016

Yes

0.000

Yes

0.000

Yes

0.211

No

0.005

Yes

0.454

No

0.000

Yes

0.003

Yes

0.000

Yes

0.091

No

0.042

Yes

0.036

Yes

0.048

Yes

0.147

No

0.316

No

0.190

No

	
  
	
  
8.5. Conclusions
Effect of different die size, manufacturing type and several coatings at different
thicknesses on the corrosion characteristic of the metallic BPP plates were investigated.
Corrosion performance evaluations were based on PD and PS corrosion tests conducted in
210	
  
	
  

	
  

which oxygen gas was purged. In addition, surface roughness measurements and optical
microscopy images were acquired from the surfaces of the coated BPPs before and after
corrosion tests. Both corrosion test results and roughness measurements were statistically
analyzed by means of ANOVA tool. Conclusions from this experimental study were as
follows;
•

While BPPs samples formed in die-1 after coating were significantly more corrosion
resistant than die-2 samples in stamping case, there were no significant differences
between those when hydroformed samples are compared.

•

Even though die-2 samples were corroded more than blank and die-1 samples
according to the PD corrosion data, this was only statistically significant in the case of
stamping. This output would be explained with the short duration of PD test since the
opposite behavior (die-1 samples were corroded more than die-2 samples) was
observed in PS corrosion tests.

•

The corrosion resistances of BPPs formed with die-2 set were better than the
corrosion resistances of BPPs formed with die-1 set according to PS test results that
represented the simulated PEMFC working conditions.

•

Roughness values for the die-2 samples were significantly higher than the die-1
roughness values.

•

TiN coating was removed from BPPs surfaces at considerable extent during the
corrosion tests leading the low corrosion resistance for both die groups of samples.
However, CrN coating was found to be appropriate coating meeting the DOE target.
In addition, it was observed by surface morphology inspections that ZrN coating
exhibited the strong adherence to the surface of BPP by providing the DOE
requirements.
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CHAPTER 9
Summary, Future Work and Scientific Contributions
9.1. Summary of the Accomplished Work
In summary, the following results were obtained and presented:
•

Effect of manufacturing conditions on the corrosion behavior of bipolar plates (also
published in the Journal of Power Sources, v.195, pp.3546-3552). In this preliminary
study, experiments with 750-micron feature height die were used to form the SS304
substrate material to the bipolar plate using stamping and hydroforming processes.
Corrosion tests were conducted on uncoated, unformed, and formed samples.

•

A more detailed study and statistical analyses were performed with several other
candidate bipolar plate materials (SS316L, SS430, Ti, and Ni) and the outcomes of
this study were published as another journal paper (Journal of Power Sources, 2011,
v.196, pp.1235-1241).

•

Uncoated BPPs were manufactured via two different dies that had diverse channel
sizes. This study purposed to reveal the effects of those die geometries on the
corrosion behavior of BPPs. Like the other published studies, the same manufacturing
processes and corrosion test methods were conducted. Additionally, surface
inspection including surface roughness measurements and optical microscope images
was performed on the surface of BPPs. Results from this work will appear as the
forth journal paper from this dissertation study.

•

The results of “Effects of coatings on the corrosion resistance of metallic bipolar
plates” were published in the third journal paper (International Journal of Hydrogen
Energy, 2011, v36, pp.7162-7173) from this dissertation study. In this study, 316L
stainless steel blanks and formed bipolar plates were coated to investigate the effect of
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coatings on the corrosion resistance performance. This part of the dissertation covered
the corrosion test results of bipolar plates that were coated after manufacturing. Two
different manufacturing techniques, namely stamping and hydroforming, and three
different PVD coatings (TiN, CrN, ZrN) in three different thickness values were
selected as experimental variables. Coated blank and formed bipolar plates underwent
two different corrosion tests: potentiostatic and potentiodynamic.
•

In this part of the dissertation study, distinctively, SS316L blank samples were first
coated and then manufactured. The reason for this was to investigate the effect of
manufacturing-coating sequence on the corrosion resistance performance. Like the
published paper regarding coated samples, the same PVD coatings (TiN, CrN, ZrN) in
three different thickness values and the same manufacturing-corrosion test processes
were followed. In addition, the statistical analysis method (ANOVA) was applied on
the corrosion data. Results are ready to submit to the journal as the fifth paper of the
dissertation study.

•

In the last phase of this dissertation, the effects of two different die geometries on the
corrosion behavior of coated BPPs were researched. The results via corrosion tests
and surface inspections as well as the statistical analysis are ready to be the sixth
journal paper from this dissertation study.

9.2. Conclusions:
The results and observations concluded from the research efforts will be presented
under the subsequent subtitles.
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9.2.1. Effects of manufacturing parameters, substrate materials, and diverse die
geometries on the corrosion behavior of uncoated BPP plates:
•

When compared with the corrosion resistance of initial blank, the manufacturing
processes deteriorated the corrosion resistance of the stainless steel bipolar plates. The
effect of the speed-force levels in stamping and the pressure and pressure rate in
hydroforming were found to be significant.

•

Except the stamped BPP at 100kN-1mm s-1, the samples provided enhanced corrosion
resistance with the increased stamping force and hydroforming pressure.

•

Stamped plates have slightly lower corrosion resistance than hydroformed plates.

•

BPP in the cathodic side (oxygen gas purged) showed better corrosion resistance than
the anodic side (hydrogen gas purged).

•

SS430 and Ni have significantly less corrosion resistance than the other substrates;
SS304, SS316L, and Ti. Thus, 304, and 316L stainless steel alloys as well as Ti could
be possible candidates for PEMFC bipolar plate materials. However, it should be
noted that Ti has a high cost and oxide formation problems.

•

SS316L produced lower current density in both anodic and cathodic sides. In addition,
SS316L performed better in the simulated PEMFC environment than SS304.

•

Surface coating is necessary to improve corrosion behaviors of the BPP used in
PEMFC applications since none of the uncoated samples met the DOE target.

•

Although the 250-µm-channel samples exhibited significantly better corrosion
resistance than the 750-µm-channel samples for the stamping case during
potentiodynamic tests, an opposite trend was monitored from the potentiostatic test
curves. It can be explained that short term of the potentiodynamic test could be the
reason for this opposite trend. In addition, PS test results, which simulates the real
PEMFC working conditions, could give more realistic idea than PD test results
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regarding the corrosion behavior of the materials in PEMFC. For hydroformed BPPs,
however, there was no significant difference between 250 and 750-µm channel
samples.
•

According to the PS test results, the blank sample displayed superior corrosion
resistance among them followed by the group of 750-micron-channel BPPs.

•

In surface roughness investigation, it was concluded that no convinced relation was
observed to be able to express any possible trend between the surface roughness value
and the corrosion current density even though the blank sample possessed
significantly lower Ra value than 250 and 750-micron-channel BPPs. The surface of
750-micron-channel BPPs, additionally, appeared to have better surface quality than
the surface of 250-micron-channel BPPs by visual inspection on optical microscope
images.

9.2.2. Effects of coating types, coating thicknesses and manufacturing processes on the
corrosion behavior of BPP plates:
•

ZrN coated bipolar plates, particularly 1µm-thick ones, exhibited relatively higher
corrosion resistance values meeting the DOE target.

•

Coated hydroformed BPPs demonstrated higher corrosion resistance than the coated
stamped BPPs. Besides, blank (unformed) plates, regardless of coating type and
thickness, had the highest corrosion resistance.

•

TiN-coated samples had the lowest corrosion resistance. Their corrosion resistances
were lower than even the uncoated samples.

•

Among the coated blank (unformed) samples the corrosion resistance order of the
coated sample was found to be as ZrN coated sample > CrN coated sample > TiN
coated sample.
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•

It was also shown that the coating thickness had a significant impact on the corrosion
resistance. Higher thicknesses improved the corrosion resistance of the BPPs.

•

The trend from the hardness measurements demonstrated that the increasing coating
thickness yielded higher hardness values, as expected, which in turn, resulted in
increasing corrosion resistance levels.

•

Even though 750 µm-channel die2 samples were corroded more than the blank and
250 µm-channel samples according to the PD corrosion data, it was only statistically
significant in the case of stamping. There were no significant differences between
them in hydroforming.

•

Corrosion resistances of BPPs formed with the 750 µm-channel set were better than
the corrosion resistance of BPPs formed with the 250 µm-channel set according to PS
test results, which represent the actual PEMFC working conditons.

•

Roughness data for the 750 µm-channel samples was significantly higher than the 250
µm-channel roughness data.

•

The TiN coating was removed somewhat from the surface of BPPs during the
corrosion tests leading the low corrosion resistance in both die applications. However,
CrN coating was found to be appropriate to meet the DOE target. In addition, it was
watched by surface morphology inspection with an optical microscope that the ZrN
coating exhibited the strong adherence to the surface of BPP by providing the DOE
target value.

9.2.3. Effects of process sequence on the corrosion behavior of coated BPP plates:
•

The same trend was concluded between formed-coated and coated-form BPPs in
terms of the corrosion resistance. The order was ZrN > CrN > TiN > Uncoated for
most cases.
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•

Thicker coating materials had better corrosion resistance in both sequence groups, and
ZrN was the only coating material for both formed-coated and coated-formed groups,
which met the DOE target.

•

According to PS test result, CrN coated samples also satisfied the DOE target while
TiN coated samples showed the worst corrosion resistance.

•

Coated-hydroformed BPPs demonstrated higher corrosion resistance than the coatedstamped BPPs.

•

ANOVA analysis tests resulted that there was no big difference between the two
sequences in the hydroforming case. In the stamping case, coated and then stamped
BPPs had significantly lower corrosion resistance than the stamped counterpart,
which was manufactured and then coated.

9.3. Recommended Future Work
For the future researchers who will be studying in this field, following investigations
can be recommended;
1. Repeat the long-term (more than 24 hours) PS corrosion test at the simulated PEMFC
environment for BPP samples on the best combination in optimum coating type,
coating thickness, manufacturing method, manufacturing parameters and process
sequence obtained by this dissertation study.
2. Conduct modeling of the corrosion formation on the surface of metallic BPPs in real
PEMFC conditions.

9.4. Scientific Contributions
This study resulted in comprehensive knowledge on the effects of:
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a) manufacturing processes (stamping, hydroforming) and conditions (manufacturing,
force-speed/pressure-rate),
b) the geometry of forming dies (2 different die channel height sizes),
c) diverse range of substrate materials, (Ni, Ti, SS430, SS304, and SS316L),
d) coating materials (TiN, CrN, and ZrN), and coating thicknesses (0.1, 0.5, and 1 µm)
in terms of the corrosion resistance of metallic bipolar plates. Subsequently, the effect of the
manufacturing sequence on the corrosion behavior of coated metallic BPP was examined as
well. Two different gases, namely hydrogen and oxygen gases were used to simulate PEMFC
working conditions.
In light of the aforementioned knowledge, gained development of guidelines for
selection of materials, and coatings and manufacturing methods for improved BPPs has been
shared. Consequently, it is strongly believed that this study has contributed to the efforts
aiming to evolve high performance PEMFC devices that will result in having an
environmentally friendly alternative energy generation source and reduced global warming.
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APPENDIX A
Properties of the TiN Coating

http://www.tanury.com/
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APPENDIX B
Properties of the CrN Coating

http://www.tanury.com/
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APPENDIX C
Properties of the ZrN Coating

http://www.tanury.com/
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APPENDIX D
Characteristics and Properties of TiN coating

Hugh O. Pierson, 1996, “Handbook of Refractory Carbides and Nitrides”, New Mexico.
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APPENDIX E
Characteristics and Properties of ZrN coating

Hugh O. Pierson, 1996, “Handbook of Refractory Carbides and Nitrides”, New Mexico.
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